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1 Introduction
Particularly in the 1970s and the early 1980s the concern about significant pollu-
tion of soils, plants and ground water by heavy metals led to a boost in the
research on heavy metals. Since the German Soil Protection Act (BBodSchG,
1998) has come into force in 1998, modelling of the environmental fate of heavy
metals, particularly with regard to the forecast of heavy metal concentrations in
seepage water, has made a comeback. In this context Cadmium (Cd) is of special
importance. It is one of the most mobile and bioavailable heavy metals in soil
and may cause human- and ecotoxicological impacts even at low concentrations.
Poisonous effects of Cd, especially at chronic loads, were more or less unknown
until the middle of the 20th century. With regard to the human intake, the most
important pathway is food. Cd is characterized by a very long biological half-
life (10-30 yr). Therefore it accumulates in organs like the liver or the kidney,
which might cause functional disorders. For example, protenurie has been ob-
served at a Cd content of the kidney-cortex higher than 200 µg kg-1 (Marquardt
and Schäfer, 1994). The WHO (1972) has recommended that food may not con-
tain more than 0.1 mg Cd kg-1. This value corresponds to a provisional tolerable
weekly intake (PTWI) of 400-500 µg Cd. At this intake rate the Cd concen-
tration of the kidney-cortex should never exceed the critical concentration of
200 µg kg-1 during a normal human life. Nowadays the average Cd intake by
food is in general significantly smaller than the PTWI (Table 1). Food with low
Cd concentration but high consumption rate, like wheat or potato, is the major
part of the weekly Cd intake.
The soil is one of the most important environmental compartments in the bio-
geochemical cycle of heavy metals. Soils are natural buffers and filters and
mainly control the transfer of heavy metals to the adjacent compartments ground
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water and plants. Since the industrial revolution the Cd input in soils has
continuously increased. For instance, from data by Jones et al. (1987) it follows
that from 1895 to 1950 the Cd input in soils at Rothamsted Experimental Station
(U.K.) increased nearly linearly at a rate of 0.1 g ha yr-1 from 1.1 g ha yr-1 to 6.5
g ha yr-1. After 1950, Cd inputs increased more steeply at a rate of about 0.5
g ha yr-1. In 1980, the annual Cd input was about 21.7 g ha-1.
Table 1: Estimated weekly Cd intake by food as calculated by Diehl and Boppel
(1985). According to the WHO (1972) the provisional tolerable weekly intake
(PTWI) of Cd is 400-500 µg.
Food Consumption Cd concentration Cd intake
 kg wk-1   µg kg-1   µg wk-1 
Wheat 1.58 56 ± 51 89
Potato 1.23 48 ± 51 59
Beer 6.99 3.9 ± 7.9 27
Drinking water 4.55 2 9
Leaf vegetable 0.11 72 ± 194 8
Eggs 0.36 12 ± 14 4
Coffee 0.18 17 ± 12 3
Wine 0.61 5 3
Pork 0.39 12 ± 20 5
Kidney (pork) 0.004 692 ± 849 3
Root vegetable 0.08 245 ± 430 20
Milk 1.25 2.9 ± 3.9 4
Total Cd Intake 234
Cd enters agricultural soils mainly via atmospheric deposition, fertilization, sew-
age sludge or compost. During the last decade the atmospheric deposition of Cd
in the Federal Republic of Germany (FRG) has markedly decreased. In 1985, the
Cd emissions amounted to 45 t and decreased by 34 t to 11 t in 1995
(Umweltbundesamt, 1997). Emissions are predominantly caused by power sta-
tions, industrial production facilities, motor vehicles and domestic heating. In
1995, 2.53 Mio t sewage sludge was applied in the FRG. The major part of the
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sewage sludge was dumped or burned (1.15 Mio t). 0.95 Mio t was recycled by
use in agriculture. The remaining 0.43 Mio t was reused in horticulture, fruit-
growing, recultivation etc. The recycling of sewage sludge in agriculture is
likely to increase in the next years. According to the Technical Guidelines on
Domestic Waste (TA-Siedlungsabfall, 1993) the dumping of sewage sludge will
not be allowed by 2004 and the burning of sewage sludge is very expensive.
After the Waste Avoidance, Recycling and Disposal Act (KrWAbfG, 1994)
came into force in 1996 the amount of compost strongly increased. This law
prescribes the non-thermal recycling of organic wastes provided that material
recycling is environmentally sound. According to an estimation by Kehres
(1994) the annual amount of compost will be 2.6 to 4.1 Mio t in the FRG after
installing an all over composting system.
Table 2: Cd balance for a rural and an urban district in Germany. The Cd input
by compost and sewage sludge was calculated from maximum permitted applica-
tion rates (Hackenberg and Wegener, 1999).
Gießen District Recklinghausen District
 g ha-1 yr-1   g ha-1 yr-1 
Cd input
Fertilizer 1.40 1.48
Compost 2.00 6.44
Sewage Sludge 2.67 3.34
Atmospheric Deposition 1.25 3.32
Sum 7.32 14.58
Cd output
Harvest material 0.79 0.90
Seepage water 0.60 0.60
Soil erosion n.a. § n.a. §
Sum 1.39 1.50
Cd accumulation 5.93 13.08
§ not available
Whether Cd accumulates in soil depends on its balance, i.e. on the relationship
between sink, source and buffer terms. As sinks are considered the withdrawal
Introduction
4
with harvest material, leaching and loss by soil erosion. Hackenberg and Wege-
ner (1999) performed Cd balances for an urban and a rural district in Germany
(Table 2). At maximum permitted application rates in both districts the sources
are higher than sinks, that is, Cd accumulates in soil. The Cd input via compost,
sewage sludge and atmospheric deposition in the urban district is twice as high
as in the rural district. In both districts the current Cd output via harvest material
and leaching is 5 to 10 times lower than the total Cd input.
After entering the soil, Cd is mainly sorbed on the surface of organic compounds
or clays. Only a minor fraction stays in solution. However, the latter fraction is
the key variable in controlling bioavailability and leaching of Cd (Allen, 1993).
Cd in soil solution can be displaced towards ground water and Cd in soil
solution can be transferred to plants. The relationship between sorbed and
dissolved phase depends on soil properties like pH, organic carbon (OC)
content, clay content etc.
To sum up, when we investigate the environmental fate of Cd we have to focus
on displacement, plant uptake and the sorption properties of soil. Hence, the pre-
sent study concentrates on these issues which are introduced in more detail in
Chapter 3.
Objectives and Outline
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2 Objectives and Outline
To verify and expand our understanding of the processes governing the environ-
mental fate of heavy metals in the “real world” we are forced to make investiga-
tions under field conditions and at scales larger than a soil column. Not many of
such studies, however, have been published so far. Examples are the studies by
Boekhold and Van der Zee (1992), Streck and Richter (1997a,b) and Tiktak et
al. (1998). Boekhold and Van der Zee (1992) predicted Cd contents along a
200 m transect in a field using an extended Freundlich equation that accounts for
soil pH, organic carbon and Cd concentration in soil solution. Predictions
showed a good agreement with the observed spatial pattern. Tiktak et al. (1998)
studied the heavy metal accumulation in Ap horizons of Dutch soils at the
national scale (40,000 km2). They developed a simple process-oriented model
which successfully predicted the Cd content in topsoils. Streck and Richter
(1997a,b) investigated the Cd displacement at the field scale (about 0.01 km2).
For their investigation they chose a sandy and acidic soil with low organic mat-
ter content within the waste water irrigation area (WIA) of Braunschweig. This
soil had undergone high loads of heavy metals by irrigation of municipal waste
water for about 30 years. These conditions led to a measurable Cd displacement
and a solute transport model was successfully applied to predict the measured
concentration profiles.
The present study takes up the encouraging results and experiences of this field
scale study. It was carried out within the same investigation area and used the
same analytical methods. Moreover, the environmental fate model developed is
based on the one-dimensional solute transport model of Streck and Richter
(1997b). The present study, however, takes the work of these authors further in
that it
Objectives and Outline
6
• was carried out at the scale of the whole WIA (43 km2) and
• includes the uptake of Cd by plants.
The main objectives of the study are
• to monitor the displacement of Cd in soil and to measure the current
uptake of Cd by different crops
• to determine the soil properties which govern the mobility and bio-
availability of Cd
• to develop an environmental fate model for Cd which describes both
displacement and plant uptake at the regional scale and
• to develop simple tools to assess the effect of soil Cd on ground
water and food quality
The dissertation has the following structure: Chapter 3 introduces the theoretical
background of the key processes leaching, sorption and plant uptake. Moreover,
this chapter gives a short introduction to the geostatistical methods of block
kriging and conditional simulation. In Chapter 4, the waste water irrigation
system of Braunschweig is described in detail. Emphasis is given to the irri-
gation technique applied during the last 40 years. Materials and Methods are
listed in Chapter 5. Chapter 6 gives a detailed description of the environmental
fate model SEFAH (Simulating the Environmental FAte of Heavy metals).
Chapter 7 presents the results of the field observations between 1996 and 1999,
i.e. the current status of Cd concentrations in soil, displacement and plant up-
take. In addition, the sorption characteristics of soils are described and pedo-
transfer functions are derived. Chapter 8 presents simulations of the environ-
mental fate of Cd in the soils of the WIA. After validation by means of hindcast
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7
simulations, the model is used to calculate several retrospective and prospective
scenarios. Finally, Chapter 9 introduces two simple tools to assess the effect of
soil Cd on food and ground water quality.
Theoretical Background
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3 Theoretical Background
3.1 Solute Leaching in Soil
The solute transport at the local scale (i.e. soil column) is traditionally described
by the convection-dispersion equation (CDE) (e.g. Biggar and Nielsen, 1976):
φρ −
∂
∂
−


∂
∂
∂
∂
=
∂
∂
z
qC
z
CD
zt
C
S
T (1)
where CT (kg kg-1) denotes the total concentration of the solute, C (kg m-3) the
concentration in soil solution, DS (m2 s-1) the apparent dispersion coefficient, q
(m s-1) the volumetric water flux density and ρ (kg m-3) the bulk density. φ
(kg m-3 s-1) is a sink term for solutes which accounts, for example, for the uptake
of solutes by plant roots. t (s) and z (m) are time and space coordinates, respec-
tively.
The CDE is derived by combining a mass balance equation with flow equations
for each phase of the solute (cf. Jury et al., 1991, p. 218-222). Assuming solute
flow in z direction only and ignoring the vapour phase the mass balance equa-
tion in one dimension is
φρ −
∂
∂
−=
∂
∂
z
I
t
C lT (2)
where Il (kg m-2 s-1) is the total flux of dissolved solute:
lhlcldl IIII ++= (3)
Here, Ild (kg m-2 s-1) is called the liquid diffusion flux, Ilc denotes the convection
of dissolved solute (kg m-2 s-1) and Ilh (kg m-2 s-1) is the hydrodynamic dispersion
flux. Ild is given by
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z
CDI lsld ∂
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(4)
where Dls (m2 s-1) is the soil liquid diffusion coefficient. Ilc may be written for-
mally as
qCI lc = (5)
q describes the average water flux over many soil pores only. The tortuous con-
vective movement of solute is represented by Ilh. If the time and distance
required for solutes in pores of different velocity to mix along a direction normal
to the direction of mean convection is short compared to the time required for
solutes to move through the volume by mean convection Ilh may be written as
z
CDI lhlh ∂
∂
−=
(6)
where Dlh (m2 s-1) is the hydrodynamic dispersion coefficient. Inserting equa-
tions (4), (5) and (6) into Equation (3) the total flux of dissolved solute is
qC
z
CD
z
CDI lhlsl +∂
∂
−
∂
∂
−=
(7)
which is usually summarized as
qC
z
CDI Sl +∂
∂
−=
(8)
Here, the wheel turns full circle. Combining Equation (2) and (8) results in the
CDE introduced at the beginning of this section (Equation (1)).
Assuming stationary water regime and a homogeneous medium the CDE simpli-
fies to
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For non-sorbing solutes the total concentration is given by
CCT  ρ
θ
=
(10)
where θ (% by volume) signs the volumetric water content. For sorbing solutes,
like heavy metals, CT has to be extended by the sorbed phase concentration S
(kg kg-1)
SCCT   += ρ
θ (11)
 Inserting Equation (11) into Equation (9) and applying the chain rule leads to
Rz
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with the retardation factor R
C
SR
∂
∂
+=
θ
ρ1 (13)
the effective dispersion coefficient D (m2 s-1)
θSDD = (14)
 and the pore water velocity v (m s-1)
θqv = (15)
The sorbed phase concentration is generally a function of the concentration in
soil solution. If the time scale of sorption and desorption is much smaller than
the time scale of the transport process the relationship between C and S can be
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formally handled similar to an equilibrium reaction. Most heavy metals undergo
non-linear sorption and equilibrium between C and S can often be described by
the Freundlich isotherm
mkCS = (16)
where k (kg-m m3m) is the Freundlich coefficient and m (1) the Freundlich expo-
nent. The Freundlich coefficient k can be seen as a measure for the sorption
strength of a solute. In case of heavy metals k is generally a function of soil
properties like pH, organic carbon (OC ) content, clay content etc.. It can be
determined experimentally in the lab (Filius et al., 1991; Schulte and Beese,
1994; Springob and Böttcher, 1998a). Alternatively, it can be estimated by so-
called pedotransfer functions (PTF) (Van der Zee and Van Riemsdijk, 1987;
Streck and Richter, 1997a; Springob and Böttcher, 1998b; Elzinga et al., 1999).
A frequently used PTF is
( ) ab HOCkk −+=   ˆ * (17)
where k* (kg-m m3m) denotes the intrinsic Freundlich coefficient, (H+) the proton
activity and b and a are empirical parameters, which are generally determined by
means of multiple linear regression. Heavy metals usually have a Freundlich
exponent m smaller than one, that is, sorption of these solutes is non-linear and
the sorption isotherm is convex. Hence, at low concentrations Cd is more
strongly sorbed than at high concentrations.
From a theoretical analysis Streck and Piehler (1998) have shown that the sensi-
tivity of the mean travel time of a solute to an error in θ crucially depends on the
sorption strength of solute. The relative sensitivity RS1 of the mean travel time of
a linearly sorbing solute to a change in θ  is given by
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R
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(18)
where R is the retardation factor, that is, the stronger sorption, the less sensi-
tivity. As an example, if ρ = 1.5 kg L-1 and k = 50 L kg-1, using volumetric water
contents of 0.25 and 0.125, the two calculated mean travel times differ by 0.2%
only, while for a non sorbing solute the difference is 50%. Streck and Piehler
(1998) concluded that the solute transport of strongly sorbing solutes can be
modelled without knowledge of the exact value of the water content. Even if
their analysis refers only to linearly sorbing solutes, it can be expected that the
conclusions also apply to non-linearly sorbing solutes.
The CDE was originally developed to describe the solute transport at the local
scale. But what happens if we change the modelling scale? Does the mathemati-
cal description developed at the local scale apply to the larger scale? If not, how
can we describe the process at the larger scale? According to Beven et al. (1999)
the latter question is referred to as the scaling problem. The CDE is very well
suited for illustrating this problem: In soil, local displacement velocities are in
general laterally correlated over some distance. Displacement velocities in the
vicinity to each other are more likely to be similar than those farther away. The
distance within which travel velocities are similar is called their correlation
length. The solute needs a certain distance, which is called the mixing distance,
to explore this zone of similarity. Only if the convection distance, under field
conditions most often restricted to the water table, is much larger than the
mixing distance, then the transport process is convective-dispersive. In contrast,
if the convection distance is much smaller than the mixing distance, then the
local dispersion can be neglected and the transport process is stochastic-
convective. Thus, whether the solute transport process is convective-dispersive
or stochastic-convective depends crucially on the relationship between mixing
distance, convection distance and applied model grid scale.
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If a transport process is approximately stochastic-convective, a field or a region
can be pictured as an ensemble of vertically parallel non-interacting soil col-
umns. Solute transport in each soil column is described either as piston flow
(Dagan and Bresler, 1979) or as convective-dispersive flow (Ammoozegar-Fard
et al., 1982; Streck and Richter, 1997b; Djurhuus et al., 1999). In the latter case
the solute transport process is actually a hybrid between the convective-disper-
sive and the stochastic-convective model. However, if local dispersion is small
compared to field-scale dispersion, as shown, for instance, by Streck and Richter
(1997b) for Cd transport at the field scale, the solute transport is approximately
stochastic-convective.
3.2 Uptake of Ions by Plants
Due to the extremely slow movement of Cd through soil, the response of con-
centration in ground water to Cd inputs may be delayed for decades or even
centuries (Gäth, 1996). This is different for plants, which are instantly affected
by Cd dissolved in soil solution. Cd in soil solution is readily taken up by plants
and may accumulate at high levels in different parts of plants. Because of its
impact to the human food chain, heavy metal uptake by plants has been
becoming a widespread issue in environmental research.
It is generally agreed that heavy metals like other ions reach the root surface
from soil by way of the soil solution (Bowling, 1976, p. 24). Ions are supplied to
plant roots by mass flow, diffusion and interception (Barber et al., 1963). Mass
flow and diffusion are considered to be the most important supply mechanism
for ions in soil. Mass flow means that ions dissolved in soil solution are
transported via the transpiration flux to the roots. If the uptake by roots is greater
than can be supplied by mass flow, then ion concentration will be lowered at the
root surface and diffusion will become increasingly important. For macro-
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nutrients like potassium or phosphate it has been shown that plants are able to
deplete the direct vicinity of their roots (Hendriks et al., 1981). According to
Barber (1976) interception, defined as uptake of ions due to a direct contact
between root and soil, contributes only a few per cent of the total nutrition
demand.
Ions that find their way into the root arrive first in the “free space” of the apo-
plast of the cortex. The entry of ions to the apoplast is an unspecific process.
According to Mengel (1991, p. 223) the apoplast can be regarded as a continua-
tion of soil solution. However, the pathway from the apoplast to the xylem
involves the crossing of biological membranes. It is generally assumed, even if
the ions traverse the cortex in the cell walls, that the Casparian strip is an effec-
tive barrier to further cell wall movement (Vázquez et al., 1992). Thus, the
membranes of the endodermis must be passed. In general, biological membranes
can be passed both in a passive and in an active manner. Passive means that ion
motion is driven by an energy gradient. In contrast, for an active uptake the plant
has to supply energy.
Experimental studies with excised roots (e.g. Epstein, 1966; Barber, 1984) have
shown that the active uptake of various chemicals across biological membranes
can be described by Michaelis-Menten kinetics:
MKC
CV
V
+
=
max (19)
Here, V (kg m-2 s-1) denotes the uptake rate, Vmax (kg m-2 s-1) the maximum
uptake rate, C (kg m-3) the concentration of an ion and KM (kg m-3) the Michaelis
constant. Thus, this process is assumed to be analogous to the binding of a
substrate to an enzyme.
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A number of cations have been found to affect each other with regard to root up-
take (Jarvis et al., 1976). For example, the uptake of sodium by barley roots is
inhibited by potassium and vice versa. It has also been shown that the pH of the
external solution markedly affects the rate of ion uptake. For example, Hatch et
al. (1988) observed that increasing pH from 5 to 7 increased Cd uptake by a fac-
tor of 4 in cocksfoot, of 8 in perennial ryegrass and of 10 in lettuce and water-
cress. The authors concluded that Cd competed with hydrogen ions at low pH
levels.
Various older experiments with intact plants have shown that under specific
conditions a relationship exists between transpiration and ion uptake (Broyer
and Hoagland, 1943; Hylmö, 1953; Bowling and Weatherley, 1965; Hooymans,
1969). When the supply of ions from the external solution is sufficient,
increasing transpiration generally results in an increasing ion uptake. Under
these conditions, for example, Bowling and Weatherley (1965) observed that the
potassium taken up by mass flow was completely transferred to the xylem. In a
recent study, Grifferty and Barrington (2000) observed at a 2.3 times higher
transpiration rate a 3 times higher uptake of Zn by winter wheat plants. On the
other hand, Bowling (1968) pointed out that there are conditions in which no
relationship between water and ion uptake occurs such as where the concentra-
tion of an ion is well below a crucial physiological level.
Various mechanistic nutrient uptake models have been developed during the last
decades (Cushman, 1984; Butler and Wheater, 1999). In general, emphasis is
given to processes like diffusion, active ion uptake or competition between ions.
In some cases these models have even been successfully applied. For example,
Barber (1984) has validated the mechanistic model of Cushman (1984) for phos-
phate and potassium uptake by plants.
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Models developed to predict uptake of macronutrients by plants have also been
used to evaluate soil and plant parameters influencing the bioavailability of trace
elements in soil. Mullins et al. (1986) carried out a sensitivity analysis with a
nutrient uptake model and suggested that mass flow could supply a significant
proportion of Zn and Cd uptake by corn plants. Christensen and Tjell (1984)
introduced a Cd uptake model for crops governed by mass flow. The uptake of
Cd by plants was assumed to be proportional to the product of concentration in
soil solution and volume of water transpired by the plant. However, the authors
could not validate their approach due to a gap in information of several parame-
ters that usually are not determined in sewage sludge application experiments. In
contrast, Trapp and Pussemier (1991) have shown that the uptake of the organic
compound carbamate, an insecticide, is governed by mass flow. They observed
that the uptake of twelve N-methyl-arylcarbamates by bean plants were induced
from 85% to 97% by mass flow. Consequently, in the model introduced by
Trapp and Pussemier (1991) the total uptake of a chemical into the plants is
exclusively governed by the transpiration stream. The translocation within the
plant is described by empirical factors like the transpiration stream concentration
factor (TSCF).
The uptake of ions by plants is a fascinating but complex issue. However, there
are hints that under specific conditions mass flow strongly controls the uptake of
trace solutes by plants. This notion will be pursued in the following to develop a
Cd uptake model applicable at the regional scale.
3.3 Geostatistical Tools
Two geostatistical tools, ordinary block kriging and conditional simulation, are
used in the current study. Ordinary block kriging is applied, for example, to
visualize the general spatial distribution pattern of soil properties like pH, OC
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etc. This purpose is often more or less qualitative and, for instance, the confi-
dence of an estimated block mean is not really important. But block kriging can
also be applied to detect blocks that exceed a given Cd threshold concentration
(Chapter 9). At this stage block kriging is quantitatively used and with regard to
inference it is particularly important to give an index of the confidence to our
estimator. In this context, we have to deal with the “kriging variance” and the
so-called “smoothing effect” induced by kriging. Unlike kriging procedures,
which yield best estimators for the different blocks, conditional simulations
produce the same spatial structure (variance, covariance, histogram) as the
measurements. Therefore, conditional simulations can be applied to give us an
idea of the real spatial heterogeneity of a variable. A direct comparison, espe-
cially between a kriged and a conditionally simulated region, supplies us with an
intuitive impression of how accurate our estimator reproduces spatial variability.
In addition, conditional simulations are applied in Chapter 8 to generate three-
dimensional random fields to initialize the model SEFAH and in the Chapter 9
conditional simulations are used to analyse the effect of sample size on our
kriging estimates.
The following section gives only a brief summary of the most important formu-
las and their practical meaning. For more details see Isaaks and Srivastava
(1989) and Journel and Huijbregts (1991).
3.3.1. Ordinary Block Kriging
The technique of kriging is often associated with the acronym B.L.U.E for “best
linear unbiased estimator”. Kriging is “linear” because its estimates are weighted
linear combinations of the available data
∑
=
=
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j jj
xZwxZ
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)()(ˆ (20)
It is “unbiased” since it aims to have the mean residual error mR equal to zero
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0=Rm (21)
and it is “best” because it aims at minimizing the error variance 2Rσ
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whereby σ 2 denotes the variance of point values, Cji is the covariance between
the j-th and the i-th sample and Cj0 is the covariance between the j-th sample and
the unknown value being estimated.
To obtain a zero mean residual error in expectation it is necessary to constrain
the sum of weights to one
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The set of weights that minimize the error variance satisfies the following n
equations
∑
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where µ denotes the Lagrange parameter, which is necessary for converting a
constrained minimization problem into an unconstrained one. This system of
equations can be written in matrix notation as
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and is often referred to as the ordinary kriging system. The weights are calcu-
lated by using the inverse of the left-hand side covariance matrix:
DCw ⋅= −1 (26)
The C -1 matrix takes into account the clustering of available data and the D vec-
tor considers the distances between available data and the point to be estimated.
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The minimized estimation variance is expressed as
( )∑
=
+−=
n
j jjR
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1 0
22 µσσ (27)
and is usually referred to as the kriging variance.
Up to here, we have dealt only with point estimation. The estimation of the aver-
age value of a variable within a prescribed local area A (block) is straight for-
ward. The block kriging system is quite similar to the point kriging system. Only
the covariance vector D requires a modification for block kriging. For point esti-
mation, these covariances are point-to-point covariances. For block estimation,
the covariance values required for the vector D are the point-to-block
covariances CiA. Thus, the block kriging system becomes
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and the block kriging variance is given by
( )∑
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2 µσ (29)
where CAA is the average covariance between pairs of locations within A.
Assuming a normal distributed estimation error and that a proportional effect1
does not exist or is negligible, confidence intervals (CI ) can be calculated using
the block kriging variance
RuCI σα−± 1 (30)
whereby the value of u1-α depends on the level of significance (α) and whether a
one-tailed or a two-tailed interval is desired.
                                          
1 The proportional effect means that a relationship between the local means and variances exists, i.e. the local
variability is not constant in space (Isaaks and Srivastava, 1989).
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Kriging assumes stationarity, i.e. that (a) the correlation between two data values
z(x1) and z(x2) does not depend on their particular position within the region but
rather on the distance (x1-x2) which separates them and (b) the expectation of the
random function does not depend on the location and is constant within the
region. In practice, the variogram model is often only used for limited distances.
In such cases, the variogram model as well as the mean value need to be only
locally stationary.
Finally, it must be pointed out that the entire kriging technique is based just on a
model of how a phenomenon behaves at locations where it has not been sam-
pled, namely on the covariance function and variogram model. However, unlike
many other methods like inverse distance method, triangulation or polygons,
that do not state the nature of their model assumed, kriging clearly states the
model on which it is based.
3.3.2. Conditional Simulation
The objective of an estimation procedure like kriging is to provide for each
block an estimator which is as close as possible to the true unknown value.
However, kriging estimators do not reproduce the spatial variability of the true
values. The kriging procedure involves a “smoothing” of the true dispersion
2*22 ),(),( KvK RvDRvD σ+≅ (31)
where D2(v,R) is the dispersion variance of the true content of support v within
the region R and D2*K(v,R) is the dispersion variance of the corresponding kriged
values. σ2Kv denotes the mean local estimation variance of a unit v. The amount
of smoothing increases as the mean of the local kriging variances increases, i.e.
the estimators of the true content become worse.
Theoretical Background
21
A conditionally simulated region can be seen as one “possible realization” of a
random field, that reproduce the first two experimentally found spatial moments
(mean and variogram, as well as the histogram) of the region, i.e. it identifies the
main dispersion characteristics of a variable. On the other hand, the simulated
value is not the best possible estimator of z(x). The variance of estimation of z(x)
by conditional simulation is exactly twice the kriging variance. The realizations
of a simulation are conditional on the experimental data, i.e. at the sampling
points the simulated and observed values are the same.
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4 The Waste Water Irrigation Area of
Braunschweig
The use of waste water for agricultural irrigation is not very widespread in Ger-
many. According to Lenz et al. (1998) this treatment technique is applied at 73
locations in Germany. Because transport of water over long distances is gener-
ally expensive, this technique is concentrated near the cities producing the ef-
fluent. Moreover, this technique is restricted to areas with soils of high hydraulic
conductivity. Waste water irrigation may require pre-treatment to remove patho-
gens and to minimize undesirable chemicals. Typically, this is achieved in a
sewage treatment plant. A particular benefit of waste water irrigation is the
reduction in pollution of surface water. Neither treated nor untreated sewage
gets directly into local rivers. The discharge of nutrients, which may cause rivers
as well as estuaries to eutrophy, is substantially reduced and the local water and
nutrient cycle gets narrower. But indeed, waste water irrigation may be
accompanied with an input of organic and inorganic pollutants to soil, plants and
ground water. However, as we will see later on, whether input of a pollutant
causes adverse ecological effects depends on a variety of factors.
The largest waste water irrigation area in Germany and even in Europe is located
in the northwest of Braunschweig, Germany. The WIA (43 km2) is part of the
sewage management system of Braunschweig. Today, this system consists of
three components: the WIA, a sewage farm2 and a sewage treatment plant
(Figure 1). First of all, the entire sewage of Braunschweig arrives at the sewage
plant “Steinhof”, where it passes a primary settling tank followed by an acti-
                                          
2 In German this term means “Rieselfelder”.
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vated sludge tank and a final settling tank. In winter and spring the surplus
sludge from the final settling tanks is completely removed from the effluent by a
sewage press. In the vegetation period the removed surplus sludge is added to
the effluent. One third of the effluent is pumped into the sewage farm. The other
2/3 are pumped to the WIA where they are used for agricultural irrigation. In
1996, about 15 Mio m3 were applied which corresponds to an annual irrigation
height of about 536 mm.
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Figure 1: Sketch of the geographical location of the waste water irrigation area
of Braunschweig.
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The oldest component of the sewage management system is the sewage farm,
which started operation as early as 1894. The sewage farm covers today about
200 ha, is bordered by dykes and consists of a system of ditches and ponds
which sewage has to pass through before it discharges into the river Oker. Until
the beginning of waste water irrigation in 1957 the entire sewage was applied to
the sewage farm. Due to the continued population growth the capacity of the
sewage farm was already exhausted in the 1920s. Early plannings to extend the
sewage treatment system by a WIA started in 1935, but due to World War II the
project was interrupted. In 1954, the Braunschweig Municipal Waste Water
Association (BMWA)3 was founded and the operation started in 1957. Members
of the association were the city of Braunschweig and about 550 farmers. At pre-
sent, the number of farmers is about 300.
The WIA of the BMWA is located about 10 kilometres north-west of the city cen-
tre (Figure 1). The WIA contains today about 4,300 ha. In the west it is bordered
by the river Erse, in the east by the river Oker, in the south by the motorway A2
and in the north by the railway Hannover-Wolfsburg. About 2,870 ha of the area
are in agricultural use. The main crops being sugar beet, potato, winter cereal
and summer cereal. The remaining 1,430 ha are mainly forests and villages. The
area has got a south to north expansion of about 15 kilometres. The west to east
expansion varies between 3 and 5 kilometres. The irrigation area is divided into
four areas of approximately equal sizes; the so-called pumping station districts.
In 1957, waste water irrigation started in District 1, which is situated in the south
of the area. The other three pumping stations started operation within the follow-
ing nine years. Each district has got a central pumping station, which produces
the water pressure necessary for operating the irrigation machines (Figure 2).
                                          
3 This is translated from the German name „Abwasserverband Braunschweig“.
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Until the opening of a sewage plant in 1979 raw sewage was used for irrigation.
Raw sewage contains high amounts of sludge and particles. To avoid clogging
of the nozzles of the irrigation machines each pumping station was equipped
with a settling tank, where the major part of sludge was removed by sedimenta-
tion. The collected sludge was pumped into nearby sludge basins, where the
sludge was composted for a period of 2 to 3 years. The composted sludge was
used for fertilization of fields within the WIA.
Figure 2: Important installations within the WIA.
Additionally, storage basins of about 4 ha each were installed in District 1 and
District 3. Similar to the sewage farm, the two storage basins are bordered by
dykes. The storage basins were used for deposit, for example, at weekends or
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during frost periods. The annual irrigation heights and therefore the sludge loads
were much higher than in other parts of the irrigation area. The accumulated
sludge had to be removed from the storage areas several times per year and was
used, like the composted sludge, for fertilization. In 1975, new irrigation
machines were installed (Figure 3). The machines were equipped with larger
nozzles, so higher amounts of sludge could be used for irrigation. Consequently,
the sludge basins of the Districts 1 and 2 were shut down. The sludge of these
two districts was pumped to Districts 3 and 4, where this additional sludge was
composted and applied at the fields of these districts (Abwasserverband, 1979,
p. 15).
Figure 3: Irrigation machine (Source: Abwasserverband Braunschweig, 1995).
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Figure 4: Sprinkling irrigation (Source: Abwasserverband Braunschweig,
1995).
In the past, the waste water irrigation was often accompanied by an unpleasant
smell. In the 1970s, the fear of unhealthy germs led to a dwindling public accep-
tance, in particular by the inhabitants, who had their domiciles in the neighbour-
hood of the WIA. To respond to this precariousness, the sewage plant “Steinhof”
was built and put into operation in 1979. At this early stage the sewage was
treated mechanically and biologically (primary and secondary treatment). All of
the surplus sludge from the secondary treatment was used for sprinkling irriga-
tion within the WIA. Consequently, the sludge basins of Districts 3 and 4 were
not required anymore and were shut down.
In the early 1980s, concern about heavy metals in food, water and soils gained
increasing public attention and in 1983 the German sewage sludge regulation
came into force. The BMWA also faced this problem. Measurements in the early
eighties indicated that up to 200 g Cd per year entered the soils of the WIA
(Figure 5). Particularly the surplus sludge contained high amounts of heavy
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metals. As a response the monitoring of illicit emissions to the municipal sewage
canal system was enhanced and the sewage plant was equipped with a sewage
press, so that since 1987 the surplus sludge can be removed completely from the
irrigation water. Due to these measures Cd loads have been significantly reduced
since the late 1980s. As will be shown in Chapter 8.6.1, the impact on food and
soil quality would have been tremendous, if the BMWA had not taken these
steps.
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Figure 5: Cd input history of the WIA (Source: Abwasserverband Braun-
schweig, 1995).
The WIA is situated almost completely on the lower terrace of the river Oker
which was formed during the Weichsel Glacial (about 10,000 years before pres-
ent). The area is plain and the elevation drops gradually from 65 to 55 meters
above sea level toward the north (Figure 6), which corresponds to a gradient of
0.07%.
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Figure 6: Elevation map of the WIA.4
The flood plains of both rivers are situated roughly 3 to 5 m below the surface of
the terrace. Soils of the flood plains, which are not subject to this investigation,
consist of loamy substrates. Due to the influence of both rivers on landscape
genesis the terrace shows a longitudinal arrangement. In the core area the parent
material of soils is mainly alluvial sand (< 5% clay), whereas in the south-
western and the eastern part larger coherent areas consist of loamy sand (< 8%
clay) (Figure 7).
                                          
4 Basisdaten dieser Darstellung: ATKIS-DGM5-Daten der Landesvermessung und Geobasisinformation
Niedersachsen -LGN-, Hannover. Mit Erlaubnis des Herausgebers: Landesvermessung und Geobasisinformation
Niedersachsen -LGN- vom 13.05.1997 Az.: B2-A 122/97.
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Figure 7: Soil texture map of the WIA.5
In the south-western part the site contains partly alluvial sediments of the
Drenthe Glacial (about 100,000 years before present). In contrast to all other
parts of the terrace these substrates are stony. Until today, the latter deposits
have been mined. The more or less continuous strip of loamy sand in the eastern
edge probably contains sediments of the river Oker transported to this location
either by human activity or floods. In the German classification scheme, the
soils consisting of loamy sand were given 25 to 48 points. Soils rated by 14 to
24 are predominantly located in the sandy core area of the WIA.
                                          
5 Darstellung auf der Grundlage von Daten des Niedersächsischen Bodeninformationssystems NIBIS, mit
Erlaubnis des Niedersächsischen Landesamtes für Bodenforschung Hannover.
The Waste Water Irrigation Area of Braunschweig
31
Between 1957 and 1996 the average annual precipitation was 626 mm. Accord-
ing to Haude (1955) the potential evapotranspiration is about 532 mm. Thus, the
site has an annual average rainfall excess of 94 mm. However, during the main
vegetation period water would frequently be short if soils were not irrigated. The
average depth of the ground water table is 1.8 m and varies between <1.0 and 6
m (Chapter 8.4.2). About 340 ha of the WIA are drained.
As in other sandy areas of the Geest in Lower Saxony, asparagus is cultivated in
the WIA. In 1996, asparagus fields covered 5.6% of the arable land (161 ha).
Before asparagus is planted, the humus and nutrient-rich topsoil is transferred to
a depth of 0.3 to 0.6 m by deep ploughing or milling. This procedure leads to a
lasting change of the chemical properties of soil. The resulting anthropogenic
soil type is labelled Rigosol (R-Ap/R... profile). Deep ploughing will become
important in the context of modelling Cd displacement in soils.
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5 Material and Methods
5.1 Sampling
Within this study, three sampling campaigns were carried out. The first cam-
paign was executed from September 1996 to November 1996. Soil monoliths
were sampled to study the horizontal and vertical variability of the current status
of Cd accumulation and the sorption characteristics of soils. The second and the
third campaign were carried out from July 1998 to October 1998 and from July
1999 to October 1999, respectively. These two campaigns aimed at studying the
plant uptake of Cd by winter wheat (Triticum aestivum L.), potato (Solanum
tuberosum L.) and sugar beet (Beta vulgaris L.). The field observations supply
the experimental database to initialize and to validate the environmental fate
model.
5.1.1. First Campaign
The investigation area was divided into 161 500 m x 500 m blocks (Figure 8).
The blocks conform to the topographic map 1:25,000. In each block, a field was
randomly selected. First of all, a sample of the Ap horizon was taken separately
by digging a 0.5 m x 0.5 m x 0.3 m hole. At the bottom of the hole, we took a
soil monolith of 0.07 m diameter and 1.2 m depth with the help of a mechanical
soil auger (Cobra, Atlas Copco Inc., Germany). Each monolith was divided into
9 soil layers (0.3-0.4, 0.4-0.5, ..., 1.1-1.2 m) and from the centre of each layer a
sample was taken. The large diameter of the probe provided a spreading-free
sampling. The samples were stored in plastic cups, dried at 40 °C and passed
through a 2 mm sieve. At the field a photograph was taken of each soil monolith
and the location of each sampling point was sketched. In the office, the sketch
was transferred to a map 1:5,000 and the coordinates were determined. The
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accuracy of the coordinates is roughly ± 15 m. Altogether 161 soil monoliths
were taken. Eight were drilled outside the irrigation area. Current asparagus
cultivations were not sampled.
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Figure 8: Sampling grid. Within each block (500 m x 500 m) one soil monolith
was drilled at a location randomly selected.
5.1.2. Second and Third Campaign
In 1998, we took soil and plant samples from 20 potato and 20 sugar beet fields.
At each field a single plant was collected. Within a radius of roughly 0.3 m from
the former plant location three soil monoliths were drilled as described above,
but without separately sampling the Ap horizon. Soil samples of identical layers
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were mixed to a homogeneous sample. The potato plant was divided into straw
(stem and leaves) and tuber. The sugar beet was split up into leaf and hypocotyl.
In the lab, the plant material was intensively cleaned with distilled water.
Particularly, the hollow potato stems were carefully cleaned. Each stem was cut
open and checked for the absence of soil material. The potato tubers were peeled
and the peel was further prepared separately. Before drying the plant material at
60 °C the total fresh mass was determined. The hypocotyls of sugar beet plants
were dried by freezing. Afterwards the dry mass was determined and plant
material was ground in a cutting mill followed by a mortar grinder. The samples
were stored in plastic cups. Until analysis the cups were kept inside an
exsiccator.
Because of logistical problems we could not sample winter wheat plants in 1998.
Fortunately, the BMWA gave us the data of their long-term control plots (each
plot is some hectares). In 1998, winter wheat grain was sampled at 13 control
plots6 along a plot-specific sampling path. The wheat grain was analysed for
total Cd content by the laboratory of the BMWA. However, no soil samples were
taken in the scope of the investigations of the BMWA. To close this gap, in
September 1998 we resampled each control plot. Along each sampling path six
soil monoliths were drilled as described above. Additionally, soil samples were
taken from the Ap horizon every 25 m (about 12 Ap horizon samples per plot)
and were mixed to a homogeneous soil sample.
In 1999, we again sampled 20 sugar beet and potato fields. In addition, 20 win-
ter wheat fields were examined. A plot of 0.25 m2 (0.5 m x 0.5 m) was sampled
at each site. The wheat stems were cut off roughly 2 cm above ground and the
                                          
6 I2, I3, II3, II5, III1a, III1b, III2a, III2b, III4, III5, IV1, IV4 and IV5. The identification numbers are internally
used by the BMWA.
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plant material was divided into straw and grain. The wheat material was cleaned
with distilled water, fresh and dry mass were determined and the material was
milled in two stages to a fine “floury” consistency. Soil, potato and sugar beet
samples were prepared as described above.
5.2 Measurements
All topsoil samples were analysed for their aqua regia Cd content according to
DIN ISO 11466. In accordance with Streck and Richter (1997a), all soil samples
were analysed for pH, OC content, EDTA-extractable Cd content and Cd and Zn
concentration in 0.0025 M CaCl2.
It is assumed that the EDTA-extractable content represents the total concentra-
tion of a solute, i.e. the fraction which participates in sorption-desorption reac-
tions (Filius et al., 1991; Gäbler et al., 1999). Moreover, it is assumed that a 24 h
equilibration of soil with 0.0025 M CaCl2 is suited to determine the con-
centration in soil solution to a good approximation7 (Streck, 1993).
The EDTA-extractable content was determined as follows (cf. Zeien and
Brümmer, 1989): Duplicate 2 g (samples to 0.5 m depth) or duplicate 10 g (sam-
ples below 0.5 m depth) soil were put into acid-rinsed 50-mL polypropylene
centrifuge tubes and received 40 mL 0.025 M (NH4)2-EDTA. The samples were
horizontally shaken for 90 min at 140 rpm. Subsequently, the samples were cen-
trifuged for 5 min at 1900 g. The supernatant solution was transferred through a
filter paper (595½, Ø=70 mm, Schleicher & Schuell Inc., Germany) into acid-
rinsed 15-mL polystyrene centrifuge tubes.
                                          
7 At first glance a measurement of the concentraion in soil solution seems to be trivial, but until today it is a
quite demanding task to choose or find a suitable method. Unfortunately, the succes of a process-orientated
study crucially depends on an adequate choice.
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Cd and Zn concentrations in the 0.0025 M CaCl2 background electrolyte were
measured as follows (Streck, 1993): Duplicate 30 g soil was weighed into acid-
rinsed 50-mL polypropylene centrifuge tubes and 30 mL 0.0025 M CaCl2 was
added. Tubes were shaken on a vertically rotating shaker in an air-conditioned
room at 20±2 °C and at 30 rpm. After 24 hours of shaking the soil suspension
was centrifuged for 10 min at 4200 g. The supernatant solution was passed
through a filter paper (as above) into acid-rinsed 15-mL polystyrene centrifuge
tubes. A possible sorption of dissolved heavy metals to the wall of the centrifuge
tubes was prevented by addition of 500 µL 0.8 M (NH4)2-EDTA.
The 0.025 M EDTA and 0.0025 M CaCl2 extracts were analysed for Cd using a
graphite furnace atomic absorption spectrometer with deuterium background
compensation (AAS 4001, Perkin Elmer Inc., Germany). Two modifiers were
used: (1) a mixture from Palladium(II) chloride, 1 N HNO3 and Butanol-(1) with
a volume ratio of 10:10:1 and (2) 0.015 M Mg(NO3)26H2O. The average detec-
tion limit of this method was 0.25 µg Cd L-1. For the analysis of Zn the flame
atomic absorption system of the AAS 4001 was used.
The total Cd content of plant material was determined using a microwave
assisted extraction. About 0.5 g dry matter received 7 mL 65% HNO3 and 2 mL
35% H2O2 in sealed vessels for microwave digestion (MDS 2000, CEM Inc.,
USA). Afterwards samples were cooled, transferred into 25 mL volumetric
flasks and filled to the mark by adding 65% HNO3. Cd concentration in the acid
digest was measured using graphite furnace atomic absorption spectrometry as
described above. For quality control, analytical results of 1999 were checked
against those of 1998 and were seen to be in agreement.
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The aqua regia extracts were analysed by ICP-OES with axial plasma (ISA
Ultrace 166, Jobin Yvon Inc., France). Cd was measured sequentially at
228.8 nm wavelength. The detection limit of this method was 0.1 mg kg-1.
The pH values of all soil samples were determined electrochemically (pH 537,
WTW Inc., Germany) in a suspension of 20 g soil in 50 mL of 0.01 M CaCl2.
The OC content (% by mass) of all samples were measured by combustion at
1470 K. Evolving carbon dioxide was measured coulometrically (Coulomat 701,
Ströhlein Inc., Germany) in 0.6 M Ba(ClO4)2 buffered to pH 10.2.
5.3 Determination of the Freundlich Coefficient
In general, the Freundlich coefficient k (cf. Equation (16)) can be calculated
directly by measurements of the concentration in soil solution C (kg m-3) and the
EDTA-extractable content CEDTA (kg kg-1) provided the Freundlich exponent m
is known:
m
EDTA
m C
CC
C
Sk ρ
θ
−
==
(32)
where ρθ  denotes the solution-soil ratio used for the determination of the solu-
tion phase concentration. If no experimental data were available, the concentra-
tion in soil solution was below the detection limit or sorption characteristics
were assumed to be variable in time the Freundlich coefficient was estimated by
a PTF (Equation (17)).
The parameters of the PTF were estimated by fitting the extended Freundlich
equation given by Streck and Richter (1997a) to the measured data:
mab CHOCkS  )(  * −+= (33)
After taking the logarithm the equation is linear in the parameters:
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CmHaOCbkS log +)( log -logloglog * ++= (34)
The coefficients of this linear equation were estimated by multiple regression
using the forward selection procedure (SPSS 6.1.2, SPSS Inc., USA). In an alter-
native approach k* is assumed to vary horizontally (e.g. Streck and Richter,
1997a)
ab
xy HOCkk
−+
= )(  ˆ * (35)
In this case, the “blocking” procedure was used (Draper and Smith, 1966, p. 48).
Equation (34) was expanded by N dummy variables Zi
CmHaOCbZkS Ni ii log +)( log -log loglog 1
* +
=
∑ ++= ζ (36)
where N is the number of soil monoliths sampled. Zi=1 if the observation is from
the i-th soil monolith while Zi=0 otherwise. After estimating the N+4 parameters
in Equation (36) the intrinsic Freundlich coefficient of the i-th soil monolith was
calculated by
)(log*
,
*
10 ikixyk
ζ+
=
(37)
5.4 Statistics and Model Assessment Criteria
Whether the means of two groups were the same was tested by using the two
sample Student’s t-test (t-test). Whether the means of more than two groups
were the same was tested by a one-way analysis of variance (ANOVA) followed
by Fisher's LSD post hoc test for significant differences. Both procedures were
performed as two-tailed tests at the 5% significance level.
The Kolmogorov-Smirnov statistic (KS-test) with corrected significance levels
according to Lilliefors (1967) was used for testing whether a set of observations
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was from a particular population. Unless otherwise stated, all KS-tests were per-
formed at the 5% significance level.
With linear regressions the coefficients of determination R2, defined as the pro-
portion of the total variance explained by the regression, is given. One, two or
three asterisks are used to show significance at the 0.05, 0.01 and 0.001 levels,
respectively. Multiple regression was applied to estimate the parameters of
PTFs, as described in the subchapter above. The parameters of non-linear equa-
tions were fitted by applying the non-linear regression procedure implemented
in SPSS 6.2.1 (SPSS Inc., USA).
For visualization the geographical information system ArcView 3.1 (ESRI Inc.,
USA) with the extension “Spatial Analyst” was used. For block kriging and
conditional simulation the geostatistical software package GStat (Pebesma and
Wesseling, 1998) were applied. In case of lognormally distributed variables the
following procedure was utilized: 1) transforming the original values Z(x) by
taking logarithms, 2) kriging the transformed values Y(x) and 3) back-
transforming them using the formulas given in Journel and Huijbregts (1991, p.
570-572). (38) (39)
Two criteria were applied for model evaluation: the modelling efficiency EF
(Loague and Green, 1991) and the displacement index DI. The modelling effi-
ciency EF is defined as the proportion of the total variance of observed data
explained by the model:
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( ) ( )211 21 ∑∑ == −−−= ni ini ii OOOPEF (40)
Here, Pi and Oi denote predicted and observed values, respectively. n is the num-
ber of samples and O  stands for the mean of the observed data. Applying Equa-
tion (40) is more appropriate than regressing modelled values on observed ones
since a good modelling performance requires that observed and predicted data
are identical rather than simply linearly related. Note, however, that the meaning
of EF is similar to that of the R2. The EF can be seen as the R2 for a regression
line with a slope of unity and an intercept of zero. Thus, the EF is a measure of
the extent to which predicted values approach a corresponding set of measured
observations. If all measured and predicted data are equal EF is unity. If EF is
less than zero the predicted values are less accurate than simply using the
observed mean.
As displacement index DI we define the ratio between predicted and observed
EDTA-extractable Cd in subsoil (0.3 to 1.2 m)
∑
∑
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where hi (m) denotes the thickness of the i-th layer in subsoil and ρi (kg L-1) is
the bulk density of subsoil in the i-th layer. CP (µg kg-1) denotes the predicted
EDTA-extractable Cd content and CO (µg kg-1) the observed EDTA-extractable
Cd content. Thus, the DI is a measure of the extent to which the model overes-
timates or underestimates the Cd displacement. If DI is less than 100% the
model underestimates Cd displacement. If DI is higher than 100% the model
overestimates Cd displacement.
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5.5 Meteorological Data
The meteorological data were taken from the weather station Braunschweig-
Völkenrode which is run by the German Meteorological Office. The station is
located about 5 km south of the WIA. For the period between 1957 and 1998 the
station provided air temperature T (°C) and relative humidity rH (%) data in
hourly resolution and precipitation P (mm) data in 6-hourly resolution. The an-
nual potential evapotranspiration pET (mm yr-1) was calculated after Haude
(1955) using the β-factors given by Heger (1978):
∑ ∑
= =
∆= dj i jiepET 1
24
1β (42)
whereby ∆eji (Pa) denotes the saturation deficit of the air at the i-th hour of the
j-th day of a year. d is the number of days of the year. In accordance with
Maidment (1993) ∆eji was calculated by
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Here Tji (°C) denotes the air temperature and rHji (%) the relative humidity at the
i-th hour of the j-th day of a year.
5.6 Hydrogeological Data
A map of the depths of water table was produced by overlaying a digital land
model (DGM 5) with a ground water elevation map. The digital land model was
supplied by the Land Surveying Office Hannover (Germany). Ground water ele-
vation was interpolated from the levels of 26 ground water monitoring wells
supplied by the BMWA. The data were available for periods between 10 and 33
years in monthly resolution. Time-averaged ground water levels were computed
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from all available data. The ground water elevation map was produced by means
of Universal Kriging 1.
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6 Description of the Model SEFAH
The following chapter gives the theoretical background of the environmental
fate model SEFAH. The first subchapter describing the water regime is followed
by two subchapters concerning the displacement of Cd (leaching, annual
ploughing and deep ploughing) and the uptake of Cd by plants. Chapter 6 does
not deal with the parameterization of the model. This topic is assigned to Chap-
ter 8.4.
6.1 Water Regime
Heavy metal leaching is a very slow process. Depending on sorption behaviour,
water flux and distance to the ground water table the time scale of heavy metal
leaching may range between decades and centuries. It has been shown that short-
term variation of water flux has a negligible effect on heavy metal movement,
and thus, the water regime can be simulated under stationary conditions
(Swartjes, 1990). The local water balance in one dimension can then be written
as (Streck, 1993)
0)( =+
∂
∂ zW
z
q (44)
where q (m s-1) denotes the water flux density, z (m) the soil depth and W(z) (s-1)
the root water uptake. Provided that the root water uptake is proportional to the
root length density, W(z) may be written as
) exp( )( zTzW P ϖϖ −= (45)
where ω (m-1) is an empirical parameter which describes the distribution of root
length density with depth. TP denotes the transpiration rate (m s-1). Equation (45)
makes sure that
Description of the Model SEFAH
44
∫ ∞ = 0 )( PTdzzW (46)
Integrating Equation (44) and considering Equation (45) gives the water flux
density as a function of depth
( ) ( )) exp(1inf zTqzq P ϖ−−−= (47)
where qinf denotes the flux density of infiltrating water. Equation (47) may be
written as
( ) ( )) exp(1 zTEIPzq P ϖ−−−−+= (48)
where P (m s-1) denotes the precipitation rate (rainfall and snow), I (m s-1) the
irrigation rate and E (m s-1) the evaporation rate.
The transpiration rate was computed with an approach of Bierhuizen and Slatyer
(1965), who introduced an equation proposed to be applicable for different cli-
matic regions
Y
k
eT
Pw
P ρ
∆
=
(49)
where ∆e (Pa) is the average saturation deficit of the air during main vegetation
period, kP (Pa) is a crop-specific constant8, ρw (kg m-3) is the density of water
and Y is the dry matter production (kg m-2 s-1).
6.2 Displacement
6.2.1. Leaching
Cd leaching was computed with the CDE introduced in Chapter 3.1.
                                          
8 In plant-physiological studies kP is generally denoted as k-factor.
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Non-linear sorption was described by the Freundlich sorption isotherm (p. 11).
The apparent dispersion coefficient DS (m2 s-1) can be recognized as the sum of
the molecular diffusion Dls (m2 s-1) and the hydrodynamical dispersion Dlh
(m2 s-1) coefficient (p. 9)
lhlsS DDD += (51)
with
) exp(0 DDls bDaD θ= (52)
and
qDlh λ= (53)
The local dispersion length, λ, is generally expected to have no significant effect
on modelling heavy metal leaching at the field scale. For example, Streck and
Richter (1997b) observed that heavy metal field-scale dispersion could be
explained to a high degree by the spatial variability of sorption and that the
value of the local dispersion length was unimportant.
The initial condition was chosen as
0        )0,( >= zCzC BG (54)
where CBG denotes the background concentration. The Cd concentration at the
upper boundary Cinf (kg m-3) was calculated by
PI
PCIC
C PcW
+
+
=inf (55)
where CW (kg m-3) denotes the Cd concentration in waste water and CPc (kg m-3)
the concentration in precipitation. With a flux type solute input the upper bound-
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ary condition for solving the CDE for resident concentrations had to be
stipulated as (Parker and Van Genuchten, 1984)
)(),(),0( inf
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(56)
The lower boundary condition was set to
0=
∂
∂
=Lzz
C (57)
whereby the depth of the lower boundary L was defined by the depth of water
table.
The numerical solution of Equation (50) was achieved by using an implicit-
explicit discretization scheme (Smith, 1985). The resulting non-linear system of
equations was solved iteratively by means of the Newton-Raphson method
(Press et al., 1988). For details see Streck (1993). At the end of each simulation
year the sink term φ (cf. Chapter 6.3) was calculated and subtracted in each of
the n compartments. Afterwards, the new equilibrium between the concentration
in soil solution and the sorbed phase concentration was determined by solving
the non-linear equation
niCkCCCf iT
m
ii
i
i
i ,...,3,2,1,0          0)( , ==−+= ρ
θ (58)
with the help of the Newton-Raphson method (see above).
6.2.2. Annual Ploughing
Single ploughing does not really lead to soil homogenisation. Only repeated
ploughing results in a complete mixing of soil material. However, because heavy
metal leaching is extremely slow, ploughing can be regarded as a soil homoge-
nising process (Schimmack and Bunzl, 1986).
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Before ploughing the total concentration of Cd in the i-th compartment is given
by
old
i
old
i
i
iold
iT SCC += ρ
θ
, (59)
After ploughing it is assumed that all n compartments of the Ap horizon have
the same total concentration (Streck, 1993)
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n
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1 ,, == ∑ = (60)
Finally, the new equilibrium between solution and sorbed phase concentration
was determined by solving Equation (58).
6.2.3. Deep Ploughing
Deep ploughing in connection with the cultivation of asparagus transfers high
amounts of soil material from the Ap horizon (0 to 0.3 m) to a depth of 0.3 to
0.8 m and vice versa. With deep ploughing, more or less continuous soil pack-
ages are exchanged rather than mixed. Other than the annual ploughing of the
Ap horizon deep ploughing occurs only once at the beginning of each new
asparagus cultivation.
The Ap horizon is considered as a homogeneous compartment and is labelled as
the 0-th compartment. Depending on the depth of ploughing n compartments
below the Ap horizon are affected. After deep ploughing the total concentration
in the Ap horizon newTC 0,  may be written as
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where h0 (m) denotes the thickness, ρ0 (kg m-3) the bulk density of the Ap hori-
zon and αi (kg m-2) stands for the soil exchange rate between the Ap horizon and
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the i-th compartment. The total concentration in the i-th compartment may be
calculated by
( ) 0          0,,,, >−−= iCChCC oldToldiTii ioldiTnewiT ρα (62)
Besides Cd also OC and H+ are exchanged between compartments. The
exchange of OC and H+ was modelled in analogy to that of Cd. The new
Freundlich coefficient of each layer was estimated by a pedotransfer function
(cf. Chapter 7.4). Finally, the new equilibrium between solution and sorbed
phase concentration was iteratively determined (Equation (58)).
6.3 Plant Uptake
For modelling the uptake of Cd by plants a transpiration-based approach was
applied. If the uptake of a solute is governed by mass-flow the uptake rate φ
(kg m-3 s-1) as a function of depth may generally be written as (cp. Equation
(45))
)exp( )(   )( zzCTz P ϖηϖφ −= (63)
where η is a plant-specific empirical parameter, which accounts for whether the
uptake by mass-flow is uncontrolled (η =1), enhanced (η >1) or reduced (η <1).
Since the average Cd content of total dry matter, C  (kg kg-1), is the quotient
between total Cd uptake and total dry matter production Y (kg m-2 s-1) it can be
calculated by
 )exp( )(  
 
0 ∫ ∞ −= dzzzCYTC P ϖηϖ (64)
Applying the relationship between transpiration and dry matter production
according to Bierhuizen and Slatyer (1965) (cf. Equation (49)) yields
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(65)
The translocation inside the plant is modelled by means of the plant-specific
parameters
P
U
HM C
C
Q = (66)
and
P
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Y
Q = (67)
where QHM denotes the Cd content ratio and QY the dry matter yield ratio
between unprocessed (e.g. straw) and processed (e.g. grain) plant parts. CU and
CP denote the Cd content of the unprocessed and processed plant parts, respec-
tively. YU and YP are the respective dry matter yields. Since the average Cd
content of dry matter can be written as
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the Cd content of the processed plant part (e.g. wheat grain) becomes
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Combining Equation (65) and Equation (69) leads to
∫ ∞ −+ +∆=  0 )exp( )(1 1     dzzzCQQ Qke∆C HMY YPwP ϖρηϖ
(70)
Since the model SEFAH divides the soil into n compartments of thickness ∆z
(m) the sink term φi (kg m-2 s-1) of the i-th compartment is defined as
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Integration of Equation (71) yields
( )1)exp()exp( −∆∆−= zziCT iPi ϖϖηφ (72)
where Ci (kg m-3) denotes the solution phase concentration in the i-th compart-
ment. Consequently, C  is
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and the Cd content of the processed plant part is given by
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7 Field Observations
7.1 Cd Contents and Cd Loads
The most important statistics of the observed EDTA-extractable Cd contents are
given in Table 3. EDTA-extractable Cd contents in Ap horizons of the WIA were
on average 0.285 ± 0.163 mg kg-1 and varied over two orders of magnitude. The
coefficient of variation (CV.) was 57%. According to the KS-test the EDTA-
extractable Cd content was lognormally distributed at α=0.05. In contrast to the
results of Mühlnickel et al. (1989), no effect of the different operation periods of
districts was observed. The mean EDTA-extractable Cd content did not differ
significantly between districts (ANOVA, α=0.05). Within all four districts, how-
ever, the mean EDTA-extractable Cd content in Ap horizons was significantly
higher than outside the irrigation area.
Table 3: Statistics of the EDTA-extractable Cd contents in Ap horizons inside
and outside the waste water irrigation area (WIA). Means with the same index
are different at the 5% significance level (ANOVA).
District WIA Outside the
WIA
1
(N=33)
2
(N=41)
3
(N=45)
4
(N=34) (N=153) (N=8)
 mg kg-1 
Mean 0.286a 0.239b 0.318c 0.290d 0.285e 0.168abcdef
SD 0.134 0.107 0.220 0.148 0.163 0.119
min 0.096 0.052 0.034 0.101 0.034 0.053
max 0.690 0.582 1.135 0.872 1.135 0.383
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The aqua regia Cd content in Ap horizons of the WIA was on average 0.361
mg kg-1 (Table 4), and thus clearly below the limit of the sewage sludge regula-
tion of 1.0 mg kg-1. Only at one site was the limit exceeded. This site is situated
in the direct vicinity of the former sewage storage basin of District 3.
Table 4: Statistics of aqua regia Cd content in Ap horizons inside and outside
the waste water irrigation area (WIA). Means with the same index are different
at the 5% significance level (ANOVA).
District WIA Outside the
WIA
1
(N=33)
2
(N=37)†
3
(N=43)‡
4
(N=34) (N=147) (N=8)
 mg kg-1 
Mean 0.343b 0.302ac 0.422ad 0.365e 0.361f 0.186bcdef
SD 0.157 0.139 0.256 0.152 0.189 0.107
min 0.111 0.100 0.100 0.135 0.100 0.101
max 0.805 0.846 1.485 0.919 1.485 0.418
† The total Cd content in the Ap horizon of soil monoliths J09, K09, L12 and M12 were below the detection
limit (<0.1 mg kg-1).
‡ The data of soil monoliths F14 and I19 were missing.
On average 76% of the aqua regia Cd content (CAR) was extractable by means of
EDTA. Similar to results by Hornburg (1991), a significant linear relationship
(R2=0.86***) could be derived between both variables (Figure 9).
047.0 088.1 += EDTAAR CC (75)
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Figure 9: Linear relationship between Cd contents measured by aqua regia
digestion and EDTA extraction. The coefficient of determination is 86%
(N=155).
Figure 10 shows estimates of the mean aqua regia Cd content (mg kg-1) in Ap
horizons within 100 m x 100 m blocks calculated by ordinary block kriging and
conditional simulation. After log-transformation an exponential variogram
model with a sill of 0.2546 and a practical range9 of 723 m was fitted to the data
and were used for both calculations. There are three major areas with noticeably
high Cd contents. The largest area is located in the proximity of the former sew-
age storage basin of District 3. Smaller areas of high Cd contents are situated in
the vicinity of the sewage storage basin of District 1 and at the northern edge of
the irrigation area. As already mentioned, sludge was applied not only by irri-
gation, but also by sludge utilization (cf. p. 25). It is even likely that before 1980
                                          
9 The practical range is the distance at which an asymptotic variogram model reaches 95% of its sill (Journel and
Huijbregts, 1978, p. 164)
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the latter method was the dominant one. Since 1980, after it had become
possible to apply the entire sludge by irrigation, sludge utilization has probably
become unimportant. The finding that high Cd loads were observed particularly
in the vicinity of the former storage basins indicates that the sludge was prefer-
entially utilized close to the basins.
A comparison of Figure 10A and Figure 10B pictures the smoothing effect in-
duced by ordinary block kriging (cf. Chapter 3.3.2). Kriged block means of aqua
regia Cd content are much less variable and spatially more continuous than those
using conditional simulation. With ordinary block kriging, the aqua regia Cd
content of only 2 blocks (2 ha) exceeds the legal limit of 1 mg kg-1. Applying the
method of conditional simulation the Cd content of 9 blocks exceeds the limit.
Figure 10: Estimates of the mean aqua regia Cd content within 100 m x 100 m
blocks using A) ordinary block kriging and B) conditional simulation.
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The Cd load ICd (kg m-2) of each soil monolith was estimated by
( )∫= dzzBGzCzI EDTAEDTACd  )(- )( )(ρ (76)
where CEDTA (kg kg-1) and BGEDTA (kg kg-1) denote the measured EDTA-extract-
able Cd content in 1996 and the estimated EDTA-extractable Cd background
content before irrigation started, respectively. ρ(z) (kg m-3) is the soil bulk den-
sity as a function of depth (cf. p. 98). BGEDTA was estimated by using the PTF 1a
assuming a background Cd concentration in soil solution of 0.1 µg L-1 (cf.
p. 64).
The highest mean Cd load was observed in District 3. Here since the beginning
of waste water irrigation an average of 152.9 mg m-2 has entered the soils. With
523.5 mg m-2, the highest local Cd load was also measured within District 3. The
lowest mean Cd load was found in District 4 with 120.0 mg m-2. The mean Cd
loads in Districts 1 and District 2 were 126.5 mg m-2 and 133.4 mg m-2, respec-
tively. While Streck (1993) observed Cd loads to be normally distributed at the
field scale, Cd loads were observed to be lognormally distributed at the regional
scale (KS-test, α=0.05).
Though a relationship between operation period and Cd load of a district seems
plausible (Mühlnickel et al., 1989), no evidence was found that the Cd load was
a function of the operation period. This finding may be explained as follows: In
1975, the sludge storage basins of District 1 and 2 were shut down (cf. p. 26).
From 1975 to 1980, the sludge from the settling tanks of these districts was
pumped to the pumping stations of District 3 and 4, i.e. sludge and Cd were
exported from District 1 and 2 to District 3 and 4. Hence, the effect of operation
period on Cd loads may be superimposed by sludge transfer between the dis-
tricts.
Field Observations
56
1960 1970 1980 1990
0
25
50
75
100
125
150
175
District: 1   2   3    4 
Cu
m
ul
at
iv
e 
in
pu
t (
m
g/
m
2  )
Year
Figure 11: Reconstructed Cd input history of districts. The Cd loads from 1957
to 1979 are estimates. From 1980 to 1996 the Cd loads to the WIA were meas-
ured by the BMWA.
For 1980 to 1996, data of Cd loads to the WIA were available (cf. Figure 5).
Before 1980, however, Cd loads to the WIA were not measured. Thus, for 1957
to 1979 a simplified Cd load history was reconstructed from measured soil data
(Figure 11). First of all, it was assumed that on average the Cd concentration of
waste water CW (kg m-3) did not differ between districts. If no Cd had been
transferred between districts the Cd load to District i would have amounted to
4,3,2,1      9680
*
=+=
−
iICBI Wii (77)
whereby Bi (m3 m-2) denotes the total amount of waste water irrigated within
District i until 1979. Due to the differences in the beginning of irrigation Bi dif-
fered between districts as follows: B1=8,726 L m-2, B2=7,635 L m-2, B3=6,524
L m-2 and B4=5,423 L m-2. I80-96 (kg m-2) stands for the Cd load to the WIA from
1980 to 1996 as calculated from the data of the BMWA (76.14 mg Cd m-2).
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If Ii* differed from the measured mean Cd load of District i (Ii ), then from 1975
to 1979 either an export ( ii II −* >0) or an import ( ii II −* <0) of Cd was assumed.
Moreover, since the sludge from storage basins was composted for 2 to 3 years
before agricultural use it was presumed that these exports and imports entered
soils evenly partitioned from 1978 to 1982. Because of mass conservation the
sum of exports and imports within the WIA has to be zero
0)( * =−∑i ii II (78)
Combination of Equation (77) and (78) and rearrangement leads to
∑
∑ −−
=
i i
i i
W B
II
C 9680
4 (79)
Using this approach, from 1957 to 1979 the average Cd concentration in waste
water was 8.1 µg L-1. District 1 and District 2 exported 20.0 mg m-2 and 4.3
mg m-2, respectively, to District 3 and District 4. The major part of the exported
Cd was transferred to District 3 (24.1 mg m-2) and only a minor part (0.2
mg m-2) entered District 4.
The estimated average Cd concentration of waste water from 1957 to 1979 (8.1
µg L-1) is distinctly lower than that reported from Bramm (1976) and as well as
that estimated by Streck (1993). Bramm (1976) reported a mean Cd concentra-
tion in the waste water of 22 µg L-1. However, Bramm (1976) sampled only 16
waste water probes during 1974 to 1976, therefore this value is obviously not
sufficient to represent the average Cd load from 1957 to 1979. Streck (1993)
estimated the Cd concentration of waste water from 1962 to 1979 in a procedure
similar to the one outlined above, but neglected a possible Cd background con-
tent. His estimation resulted in an average Cd concentration in waste water of
15.6 µg L-1 from 1962 to 1979. However, Streck (1993) investigated only one
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field (about 1 ha) within the WIA. Hence, it is likely that the differences can be
attributed to an heterogeneous application within the WIA.
7.2 Displacement
As noted in Chapter 4 (p. 31) deep ploughing before asparagus cultivation leads
to a noticeable change of chemical properties of soil. Soil material and organic
matter as well as heavy metals are instantly exchanged between topsoil and sub-
soil (≈ 0.3 to 0.6 m). Asparagus is cultivated on average for 8 to 10 years in suc-
cessive years. After this period the plantation has to be used for 15 to 20 years
for other crops to regenerate the soil and to avoid diseases and pests. After this
recovery phase the crop rotation resumes. Among the 161 soil monoliths drilled,
14 (≈ 9%) were Rigosols10. However, these 14 Rigosol sites were not used for
asparagus cultivation in 1996, i.e. these sites were probably in their recovery
phase. According to the BMWA in 1996 about 5.6% of arable land were used for
asparagus cultivation. Hence in 1996, approximately 15% of the total agricultur-
ally used area were asparagus sites either in use or in their recovery phase.
The Rigosol sampled within block H17 may serve as an example for the effect
of deep ploughing (Figure 12). Because before drilling the Ap horizon was sepa-
rately sampled (Chapter 5.1.1) the photograph shows only the subsoil (0.3 to
1.2 m). The R horizon is located from 0.3 to 0.6 m depth and is followed by a
Bv horizon (0.6 to 0.8 m) and a C horizon (>0.8 m). The arrangement of hori-
zons is mirrored by both the OC and EDTA-extractable Cd profiles. Within the
R horizon high contents of OC as well as of EDTA-extractable Cd were meas-
ured. This suggests that Cd had been displaced not only by leaching but also by
deep ploughing. However, whether and to which extent heavy metals are trans-
                                          
10 Soil monoliths A26, E25, E23, F15, G21, H09, H11, H17, H19, I09, J10, K11, K14 and L12 (cp. Figure 8).
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ferred by deep ploughing depends crucially on the time of operation. It is evi-
dent that heavy metals can only be transferred with the topsoil material if deep
ploughing occurs after the heavy metals entered the Ap horizon. An example for
a profile which was deep-ploughed before heavy metal application is given in
Figure 13. The soil monolith I14 shows a distinct R horizon, but other than with
soil monolith H17, Cd contents in the R horizon are low.
The amount of soil exchanged due to deep ploughing was estimated on the basis
of the measured OC profile (Figure 14). First of all, the OC profile before deep
ploughing was approximately reconstructed. For this it was assumed that the
highest OC content observed below the Ap horizon is the former OC content of
the Ap horizon OC0,old. The former OC content of layers below the Ap horizon
OCi,old was set to the OC content measured in the layer 0.9-1.0 m. Under these
assumptions the soil exchange rate αi (kg m-2) of layers below Ap horizon can
be calculated by
oldiold
oldinewi
iii OCOC
OCOC
h
,,0
,,
−
−
= ρα (80)
where hi (m) is the thickness and ρi (kg m-3) the bulk density of layer i. The OC
content of Ap horizon immediately after deep ploughing can be written as
( )∑
=
−+=
n
i oldoldiioldnew OCOCh
OCOC 1 ,0,00
,0,0
1
α
ρ
(81)
whereby n denotes the number of layers below the Ap horizon affected by deep
ploughing.
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Figure 12: Photograph and profiles of OC and EDTA-extractable Cd content of
a Rigosol sampled within block H17. The figure shows only the subsoil (0.3-
1.2 m).
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Figure 13: Photograph and profiles of OC and EDTA-extractable Cd content of
a Rigosol sampled within block I14. The figure shows only the subsoil (0.3-
1.2 m).
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Figure 14: Sketch of the procedure for calculating soil exchange rates by the
help of the observed OC profile.
Applying this approach to the 14 Rigosol sites yielded that the average total
exchange of soil between Ap horizon and subsoil was 359 kg m-2 with a CV of
19%. Decreasing quantities of soil were exchanged with increasing depth. For
example, on average 44% of the soil exchanged was transferred between the Ap
horizon and the layer 0.3-0.4 m. With regard to the layer 0.5-0.6 m this fraction
was only 16%. The exchange of soil in deeper layers was enhanced with
increasing total exchange (Figure 15). The higher the total exchange the higher
the proportion of Ap material transferred to the layer 0.5-0.6 m. In contrast, the
higher the total exchange the lower the fraction of Ap material transferred to the
layer 0.3-0.4 m. The fraction of Ap material transferred to 0.4-0.5 m was more
or less unaffected by the amount of exchanged soil.
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Figure 15: Relationship between the total amount of soil exchanged and the
contribution of subsoil layers to total exchange.
Figure 16 shows the averaged EDTA-extractable Cd content profiles for both
Rigosols and Non-Rigosols. Not surprisingly, the EDTA-extractable Cd content
in the Ap horizon is higher in Non-Rigosols (300.4 µg kg-1 ) than in Rigosols
(130.4 µg kg-1). The Non-Rigosol profile shows continuously decreasing EDTA-
extractable Cd contents with depth. In contrast, the Rigosol profile shows
highest EDTA-extractable Cd contents in the 0.3 to 0.4 m and the 0.4 to 0.5 m
layers.
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Figure 16: Averaged profiles of the EDTA-extractable Cd contents of Non-Rigo-
sols (N=139) and Rigosols (N=14). Bars indicate standard deviations.
With 994 samples (62%), the Cd concentration in soil solution was below the
detection limit. These samples were exclusively subsoil samples. In these cases
the concentration in solution was calculated from the EDTA-extractable content,
soil pH and OC content. The Freundlich coefficient k was estimated by PTF 1a
(cf. Chapter 7.4). The equilibrium between solution and sorbed phase concentra-
tion was determined by Equation (58) using the Newton-Raphson method.
The averaged profiles of Cd concentration in soil solution are given in Figure
17. The profiles show a similar pattern as those of the EDTA-extractable Cd
content. The mean Cd concentration in Ap horizons of Non-Rigosols (1.76
µg L-1) is higher than in those of Rigosols (1.1 µg L-1). The Non-Rigosol profile
is characterized by a Cd concentration continuously decreasing with depth. Cd
concentrations decrease from 1.76 µg L-1 in the Ap horizon to 0.2 µg L-1 in the
last sampled layer (1.1-1.2 m). In District 4, the district under shortest operation
period (30 yr), the Cd concentration in the last sampled layer is on average only
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0.1 µg L-1. In the following, this concentration is assumed to be the background
concentration of the soils within the WIA. In contrast to the Non-Rigosol profile,
the Cd concentration of the Rigosol profile increases below Ap horizon and is
highest in the 0.4 to 0.5 m layers.
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Figure 17: Averaged profiles of Cd solution phase concentrations of Non-Rigo-
sols (N=139) and Rigosols (N=14). Bars indicate standard deviations.
The Cd concentration profiles indicate that, on average, Cd displacement has
progressed down to a depth of roughly 0.5 m only. However, Cd displacement is
highly variable within the WIA (Figure 18). At some sites even after 40 yr of
waste water irrigation the Cd displacement seems to be limited more or less to
the Ap horizon. In contrast, at some sites Cd has been displaced to below 1.2 m.
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Figure 18: Cd concentrations in solution of soil monoliths J08 and Q01.
7.3 Sorption Characteristics
In Ap horizons of the WIA soil pH is on average 5.78 with a CV of 7% (Figure
19). The range was from 4.8 to 7.0. In subsoils the averaged soil pH does not
differ distinctly from that in Ap horizons, but subsoil pH is more variable than
topsoil pH. It varies between 3.9 and 7.0, with the CV increasing to roughly
12%.
In Ap horizons, soil pH decreases from south to north (Figure 19). While in Dis-
trict 1 the soil pH is 6.0 on average, in District 3 and 4 it is only 5.7. The same
trend was observed in subsoils. In the 0.9 to 1.0 m layer, for example, the mean
pH in the Districts 1 and 2 is about 5.9 and it decreases to 5.6 in District 3 and
5.7 in District 4.
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Figure 19: Averaged profiles of soil pH of Districts 1, 2, 3 and 4.
Table 5: Results of the Kolmogorov-Smirnov test for normality of soil pH with
corrected significance levels according to Lilliefors (1967). One or two asterisks
are used to show significance at the 0.01 or 0.05 level, respectively.
Depth (m) WIA District 1 District 2 District 3 District 4
0-0.3 ** ** ** * **
0.3-0.4 * ** ** * **
0.4-0.5 ** * * **
0.5-0.6 ** ** * **
0.6-0.7 ** ** ** **
0.7-0.8 ** ** ** **
0.8-0.9 ** ** ** **
0.9-1.0 * ** * *
1.0-1.1 ** *
1.1-1.2 ** * * *
Within the WIA, only soil pH in Ap horizons are normally distributed at α=0.05.
In other layers, soil pH is neither normally nor lognormally distributed at this
significance level (Table 5). pH values below 0.4 m show a left-skewed dis-
tribution (the mean to the left of the median) (Figure 20). The left skewness
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increases with depth. The coefficient of skewness decreases from 0.03 in the
0.3-0.4 m layer to –1.22 in the 1.1-1.2 m layer.
When the test for normality of soil pH was separately performed for each district
test statistics markedly improved. At α=0.01 the normal hypothesis is only
rejected in the 1.0 to 1.1 m layers of District 3 and 4.
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Figure 20: Histograms of soil pH in Ap horizons and 0.9-1.0 m layers. The two
plotted curves are fitted normal distributions.
Figure 21 shows the experimental variograms of soil pH in the 0 to 0.3 m, 0.6 to
0.7 m and 0.9 to 1.0 m layers. An exponential model was fitted to each vario-
gram. The spatial correlation length increases with increasing soil depth. The
practical range of the variogram model is lowest in Ap horizons (505 m) and
increases from 1350 m in the 0.5 to 0.6 m layers to 2850 m in the 0.9 to 1.0 m
layers. Moreover, Figure 21 shows that also the variability of soil pH increases
with depth. The semivariance of soil pH of the 0.9 to 1.0 m layers is twice as
high as the semivariance of soil pH in Ap horizons.
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Figure 21: Experimental and fitted semivariograms of soil pH in Ap horizons,
0.5 to 0.6 m layers and 0.9 to 1.0 m layers.
Figure 22 shows estimates of the mean soil pH within 100 m x 100 m blocks
using ordinary block kriging and conditional simulation. For both procedures the
above variogram models were used. Once again the figure clearly demonstrates
the smoothing effect induced by kriging. On the basis of the current sampling
density block kriging is apparently not suitable to reproduce the “real” spatial
variability of pH values in Ap horizons. Figure 22 sums up the major previous
findings: (1) The pH values generally decrease from south to north in both Ap
horizons and subsoils and (2) pH values in Ap horizons are both less spatially
correlated and less heterogeneous than in subsoils.
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Figure 22: Mean soil pH in Ap horizons and subsoils (0.9 to 1.0 m) within
100 m x 100 m blocks as estimated by ordinary block kriging (OBK) and
conditional simulation (CS).
Particularly the latter observation may be interpreted as an indication that the
soil pH in Ap horizons is mainly controlled by the field-specific agricultural
practice (liming, fertilization, crop rotation etc.). With increasing depth soil pH
is more and more controlled by the original hydro- and geological conditions
(depth of water table, parent material etc.). The effect of agricultural cultivation
weakens and the correlation length of hydrogeological variables, which may be
much higher than several hundred meters, becomes more and more apparent.
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In Ap horizons, the mean and the median of OC content is 0.99% (by mass) and
0.87% (by mass), respectively, and the CV is 50%. In each layer down to 1 m
depth, OC contents are lognormally distributed at α=0.05. As expected OC con-
tents decrease strongly with depth. Below 0.6 m the mean OC contents are
already smaller than 0.1% (by mass). Due to deep ploughing, the OC content in
subsoils vary much more than in Ap horizons. For example, in the 0.5 to 0.6 m
layers the CV increases to 126%.
Within the WIA, OC contents increase from south to north. The average OC con-
tent in Ap horizons of District 1 and District 2 is 0.94 and 0.75% (by mass),
respectively. The somewhat lower OC content in District 2 may be explained by
the higher amount of asparagus plantations, particularly in the vicinity of Wips-
hausen village. In District 3 the average OC content is 1.15% (by mass) and
increase to 1.40% (by mass) in District 4.
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Figure 23: Experimental variogram of OC content in Ap horizons and fitted
spherical variogram model. OC contents (% by mass) were transformed by tak-
ing logarithms.
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Figure 24: Block kriging estimates of the mean OC content in Ap horizons
within 100 m x 100 m blocks.
A nested model, consisting of a nugget model with a sill of 0.053 and a spherical
model with a sill of 0.154 and a range of 2192 m, was fitted to the variogram of
the log-transformed OC contents in Ap horizon (Figure 23). Data from Rigosols
were excluded from this calculation. The mean OC content in Ap horizons
within 100 m x 100 m blocks was estimated by using the ordinary block kriging
procedure (Figure 24). In most blocks within the WIA the estimated OC content
ranges between 0.5 and 1% by mass (1788 ha). OC contents between 1 and 2%
by mass were estimated for 951 ha in large areas of District 3 and also partly for
the west of District 1. Highest block means (OC > 2% by mass) are found in an
area of 128 ha in the west of District 4. In this area heath vegetation grew until
the 1950s (Blickwede, pers. comm.).
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7.4 Pedotransfer Functions
Under certain circumstances (cf. p. 37) the Freundlich coefficient k had to be
estimated from the soil properties pH and OC content by means of a PTF. With
PTF 1a and PTF 1b, *k is constant in space while PTF 2a and PTF 2b contain
the spatially variable coefficient *xyk . With PTF 1b and PTF 2b, the regression
line was forced through the origin, i.e. the intercept was set to zero. The
parameters of the PTFs were estimated by using the 616 complete data sets (cf.
p. 63).
Table 6: Parameters of different pedotransfer functions (PTF). The parameters
were estimated from extended Freundlich equations by multiple regression
(N=616).
PTF 1a/1b: CmHaOCbkS log +)( log -logloglog * ++=
PTF 2a/2b: CmHaOCbZkS i ii log +)( log -log loglog
161
1
* +
=
∑ ++= ζ
Parameters of the PTF ‡
PTF a b m k* k*xy† EF
  
µg1-m Lm kg-1 µg1-m Lm kg-
1
 % 
1a 0.558 (0.024) 0.740 (0.017) 0.821 (0.025) 0.130 - 87
1b 0.404 (0.003) 0.772 (0.016) 0.746 (0.023) 1 - 86
2a 0.544 (0.021) 0.764 (0.014) 0.796 (0.014) 0.159 1.14 (0.86)# 94
2b 0.409 (0.002) 0.779 (0.013) 0.75 (0.019) 1 0.21 (0.14)# 93
‡ Estimate (± standard error)
† )(log*
,
*
10 ikixyk
ξ+
=
# In PTF 2a and PTF 2b the estimated ζi were significantly different from zero (α=0.05) only
for 37 and 39 soil monoliths, respectively. The mean and the standard deviation of *xyk  was
only calculated from these soil monoliths.
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Figure 25: Scatterplot of estimated versus measured sorbed phase concentra-
tions. Estimated concentrations were calculated with constant coefficient k*
(PTF 1a, Equation (34)) or with spatially variable coefficient *xyk  (PTF 2a,
Equation (36)).
The estimates of the sorption parameters of the different PTFs estimated are
given in Table 6. In contrast to the work by Streck (1993) the intercept of
PTF 1a was significantly different from zero at α=0.05. However, with a non
zero intercept a stochastic collinearity was determined between the intercept and
the pH coefficient a. In PTF 2a and PTF 2b only 37 and 39 of the estimated ζi,
respectively, were significantly different from zero (α=0.05). The parameters a
and b of PTF 1b and PTF 2b, which describe the effect of pH and OC, are
similar to the parameters estimated by Streck (1993) (e.g. PTF 1b versus
Model I by Streck (1993); a: 0.40 versus 0.38 and b: 0.77 versus 0.71). In both
PTFs, however, the Freundlich exponent was distinctly smaller than the
Freundlich exponent given by Streck (1993) who found a value of 0.85 for m.
Thus, the sorption isotherm estimated in this study is more curved than that
estimated by Streck (1993). The use of a non-zero intercept affected both the
parameter a and the Freundlich exponent m. The parameter b was left
unchanged. When k* was allowed to vary horizontally the parameters a, b and m
were not significantly different from those with a constant k*. However, the
Field Observations
74
modelling efficiencies EF (Chapter 5.4) were distinctly improved and were for
PTF 2a and PTF 2b 94% and 93%, respectively. Figure 25 shows two scatter-
plots of measured sorbed phase concentrations and those estimated by using
PTF 1a and PTF 2a. The figure illustrates that the PTFs derived allow an
acceptable estimation of sorbed phase concentrations.
In general, pedotransfer functions are not directly transferable to other soils or
investigations. For example, Springob and Böttcher (1998b) determined a pedo-
transfer function for the sandy soils of the „Fuhrberger Feld“ catchment and
compared their k coefficients estimated with those derived from other models
found in the literature. They observed a high deviation between these different
pedotransfer functions and suspected that this is probably due to differences in
ionic strength and composition of background electrolytes used for generating
sorption data. Elzinga et al. (1999) evaluated batch sorption data from the litera-
ture as well, but they took into account differences in experimental setups for
obtaining sorption data and established general purpose Freundlich isotherms for
Cd, Cu and Zn in soils. Freundlich equations were derived based on both total
dissolved metal concentration and free metal activities in solution. They found
that a comparison of different isotherms based on the free metal activity is
expected to be most generally applicable. If we express our results in terms of
the free Cd2+ activity, the resulting k coefficients would be, in a first approxima-
tion, about 52% of our k coefficients estimated (for details of calculation see:
Boekhold et al., 1993).
7.5 Cd Plant Uptake
The following three subchapters on the uptake of Cd by winter wheat, sugar beet
and potato have the same structure. In the first section the empirical results of
the field observations are presented, and in the second section the plant uptake
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model is applied to the data. The model testing was carried out in two steps.
First, a model with an independent set of parameters measured or taken from the
literature was applied to predict the field observations. Second, when model
output was unsatisfactory the model was calibrated by modifying either η or kP
(cf. Equation (74)). It was further tested if model performance could be
improved by taking into account the influence of soil pH or Zn concentration.
The competitive effect of H+ and Zn++ on the uptake of Cd was considered by
modifying Equation (73) to
( )∑
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whereby X denotes either the Zn++ concentration (mol L-1) or the H+ activity (1).
KX (L mol-1 or 1) and VX (1) are empirical parameters.
7.5.1. Winter Wheat
Altogether 20 winter wheat sites were sampled. One site (wz1) was situated
within the former storage basin of District 1. The Cd content of grain and straw
was unusually high with 2.735 and 10.063 mg kg-1, respectively. This finding
can be traced to the special input history of this location (cf. p. 25). The site wz1
was excluded from the analysis and the following results are based on the
remaining 19 sites.
In 1999, the mean Cd content of winter wheat grain was 0.178 mg kg-1 (Table
7). At four sites the Cd content of grain exceeded the limit11 of 0.24 mg kg-1.
These contents agree rather well with data of the BMWA. For the period from
1995 to 1998 the BMWA observed an average Cd content of winter wheat grain
of 0.194 mg kg-1. The Cd content of straw was about twice as high as the Cd
                                          
11 Here defined as twice the German food guideline value of wheat grain (0.12 mg kg-1).
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content of grain (QHM=2.1). QHM varied between plants and ranged between 1.1
and 4.0. Similar relations between the Cd content of straw and grain have been
observed by Lübben (1993, Tab. 56c). The mean dry matter production
amounted to 1.615 kg m-2, whereby the dry mass production of straw and grain
was similar (QY=0.98).
Table 7: Results of the Cd analysis and dry matter measurements for winter
wheat in 1999 (N=19).
Cd content Dry matter
Grain Straw Plant Straw Grain QHM§ QY&
 mg kg-1   kg m-2   
Mean 0.178 0.376 0.275 0.799 0.816 2.10 0.98
SD 0.094 0.252 0.162 0.178 0.123 0.77 0.15
CV (%) 52.7 67.0 59.0 22.2 15.1 36.8 14.9
Minimum 0.063 0.123 0.09 0.569 0.576 1.10 0.80
Maximum 0.478 1.171 0.79 1.175 1.027 4.02 1.24
§ QHM denotes the Cd content ratio between unprocessed (e.g. straw) and processed (e.g.
grain) plant parts.
& QY denotes the dry matter yield ratio between unprocessed (e.g. straw) and processed (e.g.
grain) plant parts.
In both years, a significant linear relationship was observed between the Cd con-
centration in soil solution and Cd content of grain (R2=0.84*** in 1998 and
R2=0.70*** in 1999) (Figure 26). According to the model the uptake of Cd
should be proportional to the amount of transpired water or the saturation defi-
cit. This means the slope of the regression line should depend on the saturation
deficit. The higher the saturation deficit the steeper the regression line. In 1999,
the saturation deficit was 33% higher than in 1998 (785 Pa versus 591 Pa). And
indeed, in accordance with the plant uptake model, in the year with higher satu-
ration deficit the slope of the regression was 40% higher than in the year with
the lower saturation deficit (0.115 ± 0.080 m3 kg-1 versus 0.082 ± 0.039 m3 kg-1).
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However, the difference between both regression slopes was statistically not
significant (t-test, α=0.05).
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Figure 26: Relationship between Cd concentration in soil solution and Cd con-
tent in winter wheat grain in 1998 and 1999.
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Figure 27: Measured versus predicted Cd contents of winter wheat grain. For
the prediction parameters were either measured or taken from the literature. No
parameter was fitted.
In 1999, the Cd output by winter wheat harvest amounted to 1.0 g ha-1 yr-1. The
calculation assumes a grain dry matter yield of 5.8 t ha-1 (6.5 t ha-1 grain fresh
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yield with a water content of 11% by mass) and that the straw remains on the
field.
Figure 27 shows the scatterplot of measured versus predicted Cd contents of
winter wheat grain. The prediction is fully based on parameters measured or
taken from the literature. In view of the fact that no parameters were fitted, the
agreement between measured and predicted values is remarkably good
(EF=68%). The model overestimated the observed Cd contents by 12% on aver-
age. By fitting η to the data the EF could slightly be increased to 71% , but at
the 5% significance level the fitted value (η=0.94 ± 0.06) was not different from
unity. The influence of Zn and pH competition on Cd plant uptake was tested by
fitting of KX and VX to the data (Equation (82)). None of the fitted KX values
were significantly different from zero at α=0.05. Thus, competitive effects were
negligible under the conditions investigated (pH: 4.6-6.6; Zn: 6-344 µg L-1; Cd:
0.5-8.2 µg L-1).
As mentioned above the site wz1 was excluded from model testing. At this site,
the Cd and Zn concentrations in soil solution were 72 µg L-1 and 1,987 µg L-1,
respectively. The model overestimated the Cd content of wheat by a factor of
two (12.18 mg kg-1 versus 6.57 mg kg-1). This observation might be an indica-
tion that at high concentrations ion competition becomes important.
7.5.2. Sugar Beet
From 1998 to 1999 the mean Cd content of sugar beet hypocotyl was 0.238
mg kg-1 (Table 8). This is about half of the forage guideline value for sugar beet
(0.5 mg kg-1). At two sites this value was exceeded. The Cd content of hypo-
cotyls was roughly four times lower than the Cd content of leaves (QHM=4.23).
The total dry matter production per plant was 0.382 kg m-2 on average, whereby
the hypocotyl contributed the major part of dry matter.
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Table 8: Results of the Cd analysis and dry matter measurements of sugar beet
in 1998 and 1999 (N=40).
Cd content Dry matter per
plant
Leaf Hypocotyl Plant Leaf Hypocotyl QHM§ QY$
 mg kg-1   kg   
Mean 0.955 0.238 0.428 102.0 280.3 4.23 0.37
SD 0.663 0.130 0.274 68.2 110.5 1.97 0.16
CV (%) 69.4 54.6 64.0 66.9 39.2 46.6 43.3
Minimum 0.326 0.069 0.148 28.0 101.2 1.46 0.18
Maximum 3.736 0.665 1.591 473.2 560.1 13.16 1.1
§ QHM denotes the Cd content ratio between unprocessed (e.g. leaves) and processed (e.g.
hypocotyl) plant parts.
$ QY denotes the dry matter yield ratio between unprocessed (e.g. leaves) and processed (e.g.
hypocotyl) plant parts.
Here again, a significant linear relationship was found between Cd concentration
in soil solution and Cd content of plant (1998: R2=0.84***; 1999: R2=0.65***)
(Figure 28). In 1999, the average saturation deficit during the main vegetation
period was 46% higher than in 1998 (898 Pa versus 614 Pa). Similar to winter
wheat, the higher saturation deficit yielded a higher slope of regression (0.146 ±
0.113 m3 kg-1 versus 0.086 ± 0.040 m3 kg-1). Moreover, the two regression
slopes were statistically different at α=0.05 (t-test). But indeed, it must be stated
that the one extreme value in 1998 distinctly affects the result of the t-test.
Between 1998 and 1999, the Cd output via sugar beet harvest amounted to 2.4
g ha-1 yr-1 on average, presumed that the dry matter yield of hypocotyl is 99
dt ha-1 (450 dt ha-1 fresh matter with a water content 78% by mass) and that the
leaves remain on the field.
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Figure 28: Relationship between Cd concentration in soil solution and Cd con-
tents in sugar beet plants in 1998 and 1999.
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Figure 29: Measured versus predicted Cd contents in sugar beet plants. Only
the kP was fitted. Other parameters were measured or taken from the literature.
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In the literature, no unambiguous value could be found for the kP of sugar beet.
Roth et al. (1988), for example, report similar evapotranspiration coefficients12
of sugar beet (188 L kg-1) and potato (185 L kg-1). However, since the investi-
gations were carried out in different years and the average saturation deficit
during the main vegetation period was not documented, it is not clear if the kP of
sugar beet and potato are indeed similar. In the present study kP was therefore
estimated from the field observations, with the result of 5.5 ± 0.3 Pa. The scat-
terplot of measured versus predicted Cd contents of sugar beet plants (Figure 29)
shows acceptable spreading around the bisector (EF=66%). Note, however, that
it is not possible to estimate both kP and η simultaneously. An identical EF
could be achieved by fixing kP to some other value and fitting η. Thus, the fitted
kP should be interpreted with caution. As already mentioned the high Cd content
of about 1.5 mg kg-1 strongly affects the result. When this value was ignored the
fitted kP was 4.9 ± 0.3 Pa and the EF decreased to 48%. Extending the model to
account for competition by soil pH and Zn did not improve the model output.
Hence, competitive effects appeared to be minor under the experimental condi-
tions of this study (pH: 4.6-6.8, Zn: 32-347 µg L-1; Cd 0.5-17.9 µg L-1).
7.5.3. Potato
In 1998, the mean Cd content of potato tuber was 0.127 mg kg-1 (Table 9). At
none of the sites did the Cd content of tuber exceed the limit13 of 0.24 mg kg-1.
In 1999, the results concerning potato tuber differed very much from those of
the previous year. In 1999, the mean Cd content of potato tuber was 0.266
mg kg-1 (Table 10), and thus roughly twice as high as in 1998. At 8 sites the Cd
                                          
12 Since data on evapotranspiration are in general more readily available than data on transpiration many studies
operate with the evapotranspiration coefficient instead of the transpiration coefficient.
13 Here defined as twice the German food guideline value for potato (0.12 mg kg-1).
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content of tuber exceeded the limit. In contrast to those of tuber and peel, the Cd
contents of potato straw measured in 1998 did not differ significantly from those
measured in 1999 (t-test, α=0.05).
Table 9: Results of the Cd analysis and dry matter measurements of potatoes in
1998 (N=20).
Cd content Dry matter per plant
Tuber Peel
Tuber
+ Peel Straw Plant
Tuber
+Peel Straw Plant
 mg kg-1   kg 
Mean 0.127 0.233 0.142 2.939 0.354 0.386 0.037 0.422
SD 0.045 0.097 0.052 1.163 0.141 0.145 0.018 0.145
CV (%) 35.2 41.6 36.7 39.6 39.9 37.5 47.7 37.5
Minimum 0.06 0.083 0.067 1.409 0.183 0.098 0.014 0.115
Maximum 0.214 0.416 0.243 5.122 0.635 0.706 0.073 0.78
Table 10: Results of the Cd analysis and dry matter measurements of potatoes
in 1999 (N=20).
Cd content Dry matter per plant
Tuber Peel
Tuber
+ Peel Straw Plant
Tuber
+Peel Straw Plant
 mg kg-1   kg 
Mean 0.266 0.479 0.291 2.778 0.588 0.371 0.051 0.422
SD 0.134 0.267 0.150 1.727 0.318 0.133 0.019 0.147
CV (%) 50.4 55.8 51.4 62.2 54.1 35.9 38.0 34.9
Minimum 0.082 0.139 0.087 0.671 0.173 0.181 0.025 0.205
Maximum 0.592 1.232 0.663 7.239 1.435 0.751 0.090 0.828
In both years the Cd content of peel was about two times higher than the Cd
content of tuber. The highest Cd contents were found in the potato straw which
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was between ten and twenty times higher than the calculated Cd content of tuber
plus peel. Comparable results have been observed by Weigel (1991, p.47).
The dry matter production was nearly identical in both years. On average, the
dry matter production amounted to 0.422 kg per plant, whereby the dry matter
production of the straw was less than 10% of total dry matter production.
In both years, a significant linear relationship was found between Cd concentra-
tions in soil solution and Cd contents of potato (1998: R2=0.49***; 1999:
R2=0.67***) (Figure 30). In 1999, the slope of the linear regression model was
118% higher than in 1998 (0.181 ± 0.134 m3 kg-1 versus 0.083 ± 0.090 m3 kg-1).
This difference, which is statistically significant at α=0.05, may partly be due to
the higher saturation deficit in 1999, which was 33% higher than in 1998 (917
Pa in 1999 versus 692 Pa in 1998). However, additional factors seem to have af-
fected the Cd uptake. For quality control of the chemical analysis, measurements
in 1999 were checked against those of 1998 and were seen to be in good agree-
ment (cf. p. 36). Therefore, an error in measurements can be ruled out. Grouping
the entire data set into three clusters by eye (in the following Alpha, Beta and
Gamma) reveals that two clusters (Alpha and Beta) are grouped around the two
regression lines while the third cluster (Gamma) is located at 2 µg Cd L-1 above
the regression line of 1999. A simple explanation would be that different types
of potatoes with different uptake mechanism for Cd were investigated. However,
whether these three clusters can indeed be attributed to different types of
potatoes could not be clarified in this study.
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Figure 30: Relationship between Cd concentration in soil solution and Cd con-
tent of potato plants.
The Cd output by potato harvest amounted to 1.2 g ha-1 yr-1 in 1998 and to 2.4
g ha-1 yr-1 in 1999. The calculation assumes a dry matter yield (tuber plus peel)
of 8,360 kg ha-1 yr-1 (38 t ha-1 fresh matter with a water content of 78% by mass)
and that the potato straw remains on the field.
Figure 31 shows a scatterplot of measured versus predicted Cd contents of
potato plants. For this prediction no parameter was fitted. In 1998, predicted
values agreed fairly well with the measured data. In 1999, however, the agree-
ment between measured and independently predicted Cd contents was unsatis-
factory. The disagreement between model and measurement was particularly
strong at the four sites surrounded by the black line. While predicted values
were between 0.26 and 0.32 mg kg-1 measured values ranged from 0.82 to 1.12
mg kg-1. At the remaining sixteen sites the model systematically underestimated
measured data. Applying the assumption mentioned above, i.e. that different
types of potatoes with different uptake mechanisms for Cd had been investi-
gated, distinctly improved the model accuracy (EF=81%). For each of the clus-
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ters Alpha and Beta a different value for η was fitted. η of Alpha and Beta was
estimated as 0.98 ± 0.05 and 2.01 ± 0.08, respectively. The Cluster Gamma was
not considered in the estimation.
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Figure 31: Measured versus predicted Cd contents of potato plants. Predictions
are based on parameters either measured or taken from the literature.
Accounting for Zn competition did not improve the model output. The estimated
KZn value was not significantly different from zero at α=0.05. In contrast, group-
ing the data in two clusters (Alpha and Beta) and extending the model to account
for H+ competition led to a considerable improvement of the prediction
(EF=88%) with parameters estimated significantly different from zero at α=0.05
(Figure 32). KH+ of Alpha and Beta amounted to 0.128 ± 0.008 and
0.104 ± 0.020, respectively, and the VH+ values of Alpha and Beta were
0.300 ± 0.051 and 0.444 ± 0.111, respectively.
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Figure 32: Measured versus predicted Cd contents of potato plants (EF=88%).
Data were grouped in two clusters of potatoes with different accumulation be-
haviour and a competition with hydrogen ions was taken into account.
For Cluster Alpha Figure 33A depicts the competitive effect of hydrogen ions on
the uptake of Cd in the pH range 5 to 7. Similar results were already presented
by Hatch et al. (1988). For the calculation a constant Cd concentration of 3
µg L-1, a kP of 6.2 Pa and an average saturation deficit of the air of 736 Pa were
used. Total uptake of Cd is lowest at pH 5 and increases by a factor of 3.5 as the
soil pH increases to 7. The result suggests that the uptake of Cd by potato is
markedly suppressed by soil acidification. However, this effect is masked by the
increased solubility of Cd in soils with decreasing pH (Figure 33B). For the
latter calculation a constant EDTA-extractable Cd content of 350 µg kg-1, an OC
content of 1% by mass, a volumetric water content of 16%, a bulk density of
1.51 kg L-1 and the pedotransfer function PTF 1a (Chapter 7.4) were applied.
Despite the increased competition with hydrogen ions the uptake of Cd is high-
est at pH 5 and decreases by a factor of 6.6 as the soil pH increases to 7. Cd
concentration in solution is 6 µg L-1 at pH 5 and decreases by a factor of 23 as
soil pH increases to 7.
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To sum up, the effect of soil pH on the bioavailability of Cd is ambiguous. On
the one hand, solubility increases as soil pH decreases, on the other side, com-
petitive inhibition increases with decreasing soil pH. In total, the effect of an
increased solubility with decreasing pH distinctly prevails at the soils investi-
gated.
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Figure 33: A) Competitive effect of hydrogen ions on the uptake of Cd by potato.
The Cd concentration was kept constant at 3 µg L-1. B) Competitive effect of hy-
drogen ion plus increasing solubility of Cd with decreasing soil pH. For the lat-
ter calculation a constant EDTA-extractable Cd content of 350 µg kg-1 was
used. For details see text.
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8 Environmental Fate Modelling
8.1 Overview
Basically, two types of modelling approaches are used to simulate the environ-
mental fate of Cd at the regional scale: Deterministic soil column (DSC) models
and random soil column (RSC) models. Both types are parallel soil column mod-
els and make use of the local scale model SEFAH. Regarding that the effect of
local dispersion is very small, hence the solute transport is assumed to be ap-
proximately stochastic-convective at the regional scale (Chapter 3.1). However,
both modelling approaches differ in the way they account for the spatial vari-
ability of model input variables. In the DSC modelling approaches the local
model SEFAH is applied at points of the region where measurements of model
input variables were available. An alternative designation for this kind of model
is “grid model” as used, for instance, by Streck and Richter (1997b). The RSC
modelling approaches are based on random input variables and are often shortly
labelled Monte-Carlo simulations. Moving from the local scale to the regional
scale (scaling) was done in both types by aggregation (Refsgaard and Butts,
1999). Aggregation means that the process equation are used at the scale where
they were derived (the CDE, for instance, at the local scale) and the regional
scale results are then obtained by calculating the spatial mean from the statistical
distribution of the model outputs.
The following section is structured as follows: The first three subchapters give a
detailed description of the modelling approaches applied. Chapter 8.4 presents
the model parameterization. Validation of modelling approaches is described in
Chapter 8.5. For validation hindcast simulations were used. It was tested
whether the model is suited to reconstruct the present state of Cd in soil using an
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independent (non-fitted) set of parameters and boundary and initial conditions.
After validation the model is applied to compute several retrospective and
prospective scenarios (Chapter 8.6). Finally, the simulation results are discussed
in Chapter 8.7.
8.2 Deterministic Soil Column Models
Because in the DSC modelling approach the local model SEFAH is applied at
points in the region where measurements had been carried out, the Freundlich
coefficient k can be calculated from given data. If data on the Cd concentration
in soil solution, the EDTA-extractable Cd content and the Freundlich exponent
m are available the Freundlich coefficients can be determined by Equation (32).
If these data were not available, for example, due to concentration below the
detection limit, the Freundlich coefficient was estimated from pH and OC by
means of a pedotransfer function (cf. Chapter 7.4). Measurements of these soil
properties are available at all locations and all layers. Recall that each soil col-
umn consists of 10 layers (0-0.3 m, 0.3-0.4 m, ..., 1.1-1.2 m). The lower bound-
ary of each column was taken from the map of depths water table (Figure 35).
DSC modelling approaches which exclusively use a pedotransfer function to
estimate k are labelled as DSC plus the label of the PTF used. For example, if
the Freundlich coefficients are estimated from PTF 1a the approach is labelled
DSC 1a. If measured and estimated Freundlich coefficients were combined, the
word Hybrid was added to the label.
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8.3 Random Soil Column Models
RSC I
The RSC I modelling approach uses random model input variables. In accor-
dance with the field observations, the model operates with lognormally distrib-
uted OC contents and Cd loads. For feasibility reasons the model presumes
normally distributed pH values in all soil layers, though according to the KS-test
pH values of layers below 0.3 m were not normally distributed at α=0.05 (cf.
Chapter 7.3). The depth of water table of each soil column is randomly drawn
from the empirical distributions presented in Chapter 8.4.2. Preliminary experi-
ments had shown that at least 400 simulations are necessary to derive stable first
and second moments of the model output. For simulation, a set of 500 random
soil columns with z-correlated random numbers from a multivariate normal dis-
tribution was generated. The random numbers were produced with the help of an
external computer program (StatGraphics Plus 7.0, Manugistics Inc., USA). The
horizontal correlation is ignored for both soil properties and Cd loads, i.e. their
horizontal variograms are not considered. The vector of means and the
covariance matrix are estimated from the data set of Non-Rigosols within the
WIA (N=139). The Freundlich coefficients are estimated by using the PTF 1a
(Chapter 7.4). The analysis of the simulation result is confined to the first and
second moments of the model output (Profiles of C and S, Cd concentration in
seepage water, Cd contents of sugar beet, potato and wheat). Note that the model
output is not georeferenced.
RSC II
This approach is different from RSC I in that the four districts of the WIA are
considered separately. Thus, the different Cd input histories as well as the dif-
ferent soil properties within each district are taken into account. For each dis-
trict, the vector of means and the covariance matrix is estimated separately. 500
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simulations were run for each district. Again, analysis of the simulation results is
confined to the first and second moment of the model output.
RSC III
Both RSC I and RSC II approaches ignore the horizontal correlation of model in-
put variables. However, as shown in Chapter 7, soil properties as well as Cd
loads were found to be horizontally correlated. The RSC III modelling approach
incorporates the spatial correlation of model input variables in all three dimen-
sions. Therefore, RSC III combines the parallel soil column approach and the
geostatistical method of “Conditional Simulation” (Chapter 3.3.2). The random
input variables are generated as follows:
(1) A pool of 1D random soil columns (N=4,000) with multivariate normally
distributed pH and multivariate lognormally distributed OC content is gen-
erated using the vector of means and covariance matrix as estimated from
the measurements. Each soil column consists of 10 layers (0-0.3 m, 0.3-
0.4 m, ..., 1.1-1.2 m).
(2) Variogram models of pH and OC content are fitted to experimental vario-
grams at layers with largest spatial correlation length (pH: Layer 8 (0.9 to
1.0 m); OC content: Layer 1 (0 to 0.3 m) (Chapter 7.3). Moreover, a model
is fitted to the experimental variogram of the Cd load (Chapter 7.1). The re-
sults are three independent 2D correlated random fields.
(3) 500 (x,y)-points are randomly drawn within the arable area of the WIA. At
each point the depth of water table is set to its value according to the map
of depths of water table.
(4) A Cd load, a pH value in Layer 8 and an OC content at Layer 1 are com-
puted at each (x,y)-point by the method of conditional simulation. By that,
Environmental Fate Modelling
92
three two-dimensional random fields of horizontally correlated pH, OC
contents and Cd loads are generated.
(5) Finally, soil columns which were generated in (1) are randomly joined to
the two-dimensional fields. A matching soil column has to show within
defined tolerances a similar pH and a similar OC content as the corre-
sponding two-dimensional random field (pH: ± 0.05 pH; OC content: ±
5% difference between both values).
Note, since the 1D random soil columns and the 2D random fields are generated
separately the ensemble of soil column produced is not truly but pseudo 3D cor-
related. In addition, each generated random field is only one possible realization
of the region. Preliminary experiments had shown that at least 12 simulations are
necessary to obtain a stable first moment of the averaged model output.
8.4 Model Parameterization
This subchapter gives a detailed summary of the parameters and variables used
within the model SEFAH. The structure is similar to that of the Chapter 6. The
first section deals with the water regime, the second with Cd displacement and
the third with plant uptake of Cd. Model parameterization is based on external
data, literature data and results of the present study.
8.4.1. Water Regime
According to data by the weather station Braunschweig-Völkenrode, in the
period from 1957 to 1996 the average precipitation was 626 mm yr-1. The irri-
gation rate varied over time. Until 1974 it amounted to 367 mm yr-1, from 1975
to 1979 to 424 mm yr-1 and from 1980 to 1996 to 536 mm yr-1 (Streck, 1993).
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Due to the high irrigation rates it can be assumed that optimal evaporation con-
ditions exists all year round and that therefore the evapotranspiration ET can be
approximated by the potential evapotranspiration pET. The annual pET of winter
wheat and sugar beet was calculated according to Haude (1955) using the β-fac-
tors of Heger (1978) (Chapter 5.5). The pET of potato was taken from data of
Dommermuth and Trampf (1990). From 1957 to 1996, the average pET was 539
mm yr-1 for winter wheat, 688 mm yr-1 for sugar beet and 536 mm yr-1 for
potato.
The mean saturation deficit during the main vegetation period (∆e) was obtained
by averaging hourly values (Chapter 5.5) for the period between 6:30 a.m. and
8:30 p.m. period during the main vegetation period (Ehlers, 1989). For winter
wheat, ∆e was taken as the average value between April 1st and July 31st, for
sugar beet between April 15th and September 30th and for potato between April
15th and August 15th. From 1957 to 1996, the average value was 659 Pa for win-
ter wheat, 692 Pa for sugar beet and 732 Pa for potato.
For potato and winter wheat kP were taken from a study by Ehlers (1996), who
gives for winter wheat a kP of 4.0 Pa and for potato of 6.2 Pa. For sugar beet, no
value for kP could be found in the literature. Therefore, kP had to be fitted and
was estimated as 5.5 Pa (Chapter 7.5.2).
Historical crop yields from 1957 to 1996 in the WIA were reconstructed after
Fischbeck (1993), who calculated average annual growth rates of several crop
yields for West Germany from 1955 to 1990. According to this author, winter
wheat yields increased annually by 1.08 dt ha-1, potato yields by 3.8 dt ha-1 and
sugar beet yields by 5.2 dt ha-1. According to the BMWA, in 1996 the average
yield of winter wheat was 62.5 dt ha-1, that of sugar beet to 450 dt ha-1 and that
of potato to 380 dt ha-1. A retrospective calculation resulted for 1957 in a winter
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wheat yield of 20.4 dt ha-1, a sugar beet yield of 247 dt ha-1 and a potato yield of
232 dt ha-1.
The empirical parameter ω, which describes the root distribution with depth (cf.
Equation (45)), was calculated from the fraction of plant roots within the Ap
horizon, R(zAp),
( )
Ap
Ap
z
zR )(1ln −
−=ω (83)
where zAp stands for the thickness of Ap horizon (m). R(zAp) is generally avail-
able from literature data. In sandy soils R(zAp) was found to be 0.79 for winter
wheat (Meuser et al., 1985), 0.93 for sugar beet (Kücke and Löffler, 1989) and
0.97 for potato (Schmidtke et al., 1999). These values correspond to a ω of
5.202 m-1 for winter wheat, of 8.864 m-1 for sugar beet and of 11.689 m-1 for
potato.
Because heavy metal leaching is extremely insensitive to errors in the
volumetric water content (Chapter 3.1), all simulations were run with a constant
content of 16%, which corresponds to the average field capacity of sandy soils
in Northern Germany (Zingk and Blume, 1987).
With regard to asparagus the data base for model parameterization was poor.
Neither own measurements were carried out nor suitable data were found in lit-
erature. Therefore, parameterization could only be done with rough estimates.
According to interviews with employees of the BMWA the average irrigation
height at asparagus sites is about 100 mm yr-1. The potential evapotranspiration
was calculated according to Haude (1955) and was found to be 532 mm yr-1. By
rule of thumb, the annual transpiration was assumed as 125 mm. The fraction of
roots within the first 0.3 m of the R horizon was estimated to be 80%. Moreover,
it was assumed that the asparagus rhizome is planted 0.2 m below the soil sur-
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face. The potential area of asparagus cultivations within the WIA was estimated
as 15% (Chapter 7.2). Each site was assumed to be cropped with asparagus for
10 years followed by 20 years of recovery when it is cropped with wheat, sugar
beet and potato. After the recovery phase the crop rotation starts again with a 10
year period of asparagus cropping.
8.4.2. Depth of Water Table
According to Bramm (1976) two aquifers are present within the WIA. The shal-
low aquifer is unconfined and its thickness is about 13 m. Below 15 m a nonper-
meable clay layer of about 3 m thickness follows. The second aquifer reaches
from roughly 18 to 33 m depth. The present study deals only with the shallow
aquifer.
Figure 34: Map of ground water elevation.
Environmental Fate Modelling
96
On the basis of BMWA data a ground water elevation map was computed (Chap-
ter 5.6). The ground water elevation drops gradually from south to north from
64.5 m to 52.5 m above sea level (Figure 34). Towards the north the direction of
ground water flow gradually changes. In the south the ground water flows from
southwest to northeast and in the north from south to north. Within the Dis-
tricts 1 and 2 the direction of ground water flow appears to be affected by the
river Oker. Within these two districts the hydraulic gradient is larger than in the
northern districts. The effect of the river Erse on ground water flow seems to be
negligible.
Figure 35: Map of the depths of water table.
Figure 35 depicts the depth of water table within the WIA. It decreases from
south to north. Depths larger than 2 m are predominantly located in the eastern
part except for small areas in the southwest, near Harvesse village, and in the
Environmental Fate Modelling
97
centre of District 3. Areas with low depths of water table (< 1 m) are located in
the western parts of Districts 1, 2 and 4. In general, these sites are drained (about
340 ha). Within the WIA the depth of water table is 1.8 m on average, with a CV
of 40%. Figure 36 gives for each district a histogram of water table depths.
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Figure 36: Histograms of the depths of water table for the four districts
Interpolations were validated using data by Dückel (1985). In February, March
and April 1985, the author had recorded the ground water elevation of 46 moni-
toring wells, which include the 26 monitoring wells mentioned in Chapter 5.6.
For the three months the depth of the water table was interpolated based on the
data of the 26 wells. The ground water elevations of the remaining 20 monitor-
ing wells were used for evaluating the goodness of interpolation. The average
absolute difference between interpolated and measured depth of water table is
0.34 m, which is 19% of the regionally averaged depth of water table. The rela-
tive error is on average 23%.
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8.4.3. Displacement
The parameters of PTFs applied were already given in Chapter 7.4. The Equa-
tion (51) for the apparent dispersion coefficient DS (m2 s-1) was parameterized as
by Streck (1993) (bD = 10; aD = 0.006; D0 = 0.0926 m2 s-1; λ = 0.01 m). Mean
bulk densities were set to 1.51 kg L-1 for the Ap and to 1.67 kg L-1 for the
subsoil horizons. These values are based on investigations of the Soil Survey of
Lower Saxony in the investigation area (Gehrt and Schäfer, pers. comm.).
The initial condition was set to the average Cd concentration of the 1.1-1.2 m
layers of District 4 which was estimated as 0.1 µg L-1 (Chapter 7.2). In the
hindcast simulations, each soil column received its Cd load exclusively by waste
water irrigation, that is, Cd in the precipitation was ignored. For the period
between 1957 and 1979 Cd concentrations in waste water were reconstructed
from measured soil data (Chapter 7.1). For the period from 1980 to 1996
measured values could be used (Figure 5). In case of forecast simulations, Cd
concentration in precipitation was calculated from data by Dämmgen et al.
(1995) who measured at a location 5 km south of the WIA a bulk Cd deposition
of 0.9 g ha-1 yr-1.
For the DSC modelling approaches the lower boundary condition was directly
taken from the interpolated map given in Figure 35. For the RSC approaches the
depth of water table was randomly drawn according to the empirical distribu-
tions given in Chapter 8.4.2. When the depth of water table was below the sam-
pling depth, the sorption characteristics of the unsampled soil zone were
approximated by that of the deepest sampled layer.
From the late 1960s to the early 1980s, in soils of Lower Saxony the depth of
ploughing had increased from 0.25 m to 0.35 m (Nieder et al., 1993). Since the
early 1980s the depth of ploughing has been kept more or less constant. Based
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on these data the deepening of tillage from 1967 to 1984 was interpolated as
given in Figure 37. Because in 1996 the thickness of the Ap horizons sampled
was on average 0.3 m the ploughing starts with an estimated thickness of 0.2 m.
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Figure 37: Deepening of tillage reconstructed according to Nieder et al. (1993)
For hindcast simulations of asparagus sites additional information about the year
of deep ploughing was necessary. This information was collected through inter-
views with farmers. The soil exchange rates were determined as described in
Chapter 7.2. Due to deep ploughing the OC content in Ap horizon is forced into
a new, non-equilibrium state. In general, after deep ploughing the OC content in
the Ap horizon is lower than before deep ploughing. Therefore, OC reac-
cumulates until the former or a new equilibrium state is reached. In the scope of
this study the OC dynamic of Ap horizons could be modelled only in a very
simplified manner. It was assumed that (1) at time of ploughing the OC regime
is in equilibrium, (2) after ploughing the OC content linearly approaches the
former OC content, (3) it takes 25 yr to reach the former equilibrium state (Gäth
et al., 1997) and (4) the OC content of compartments below the Ap horizon is
constant in time.
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8.4.4. Plant Uptake
The parameters used in the plant uptake model are given in Table 11. The kP's of
winter wheat and potato as well as the parameter ω were taken from the litera-
ture (Chapter 8.4.1). All other parameters were either directly measured (QHM,
QY) or fitted by non-linear regression (kP for sugar beet, η, KH+, VH+) (Chapter
7.5). With regard to potato only the Cluster Alpha was considered. All simula-
tions were run using a schematic crop rotation of sugar beet, wheat, wheat,
potato, wheat, wheat. The uptake of Cd by asparagus was ignored.
Table 11: Parameterization of the plant uptake model for winter wheat, sugar
beet and potato
Crop QHM 
‡ QY 
‡ kP ω† η†† KH+†† VH+††
   Pa   m-1    
Wheat 2.1 0.98 4.0† 5.202 1 n.s.# -
Sugar beet 4.2 0.37 5.5†† 8.864 1 n.s.# -
Potato§ 20.9 0.092 6.2† 11.689 0.98 0.128 0.300
Potato& 11.8 0.133 6.2† 11.689 2.01 0.104 0.444
§ Cluster Alpha.
& Cluster Beta.
# n.s.: not different from zero at the 5% significance level (t-test).
‡ Measured.
† Literature data (see Chapter 8.4).
†† Fitted by non-linear regression.
8.5 Hindcast Simulations (1957-1996)
8.5.1. Cd Displacement
For the Non-Rigosol sites, Figure 38 shows observed and predicted solution
phase concentration and total concentration profiles of Cd after up to 40 years of
waste water irrigation. The agreement between observed and predicted data is
fairly good. Particularly the solution phase concentration predicted in the Ap
horizon agrees very well with measured data. The observed solution phase con-
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centration in the Ap horizon is 1.76 µg L-1 and, and in dependence of different
approaches, a concentration between 1.68 µg L-1 and 1.89 µg L-1 is predicted.
The modelling efficiency (EF) of approaches applied varies between 72% and
85% with regard to predicted C profiles and between 98% and 99% with regard
to the predicted CT profiles (Table 12). The best results with the DSC approach
were generally obtained by applying Hybrid approaches. Of the RSC simula-
tions, the RSC III approach gave the best result.
A closer look reveals that for RSC approaches the solution phase concentrations
in the Ap horizon decrease in the sequence RSC I (1.89 µg L-1), RSC II (1.85
µg L-1) and RSC III (1.71 µg L-1). Hence, considering more details of spatial
variability in the modelling approach leads to a slight decrease of the solution
phase concentration in the Ap horizon and slightly reduced leaching of Cd.
However, at the Non-Rigosol sites both RSC and DSC modelling approaches
slightly overestimate Cd leaching. The displacement indices (DI) given in Table
12, range between 118% and 129%. It is conspicuous that particularly the con-
centrations in the layer 0.3 to 0.4 m are overpredicted by all approaches (Figure
38). In this layer, the smallest deviation between measured and predicted C and
CT occurs with the DSC 1a Hybrid modelling approach. Nevertheless, the
deviation from measured C and T is still 0.38 µg L-1 (+59%) and 33.1 µg kg-1
(+49%), respectively.
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Figure 38: Observed and predicted profiles of averaged solution phase concen-
trations and total concentrations of Non-Rigosols.
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Figure 39: Observed and predicted profiles of averaged solution phase concen-
trations and total concentrations of Rigosols.
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Table 12: Modelling conditions and results for the Non-Rigosol sites. Cd dis-
placement was predicted with either deterministic soil column (DSC) or ran-
dom soil column (RSC) modelling approaches using the local model SEFAH.
The modelling efficiency (EF) and the displacement index (DI) are defined in
Equation (40) and (41), respectively. C denotes the solution phase concentra-
tion and CT the total concentration. The model assessment criteria were cal-
culated for the averaged profiles (N=139).
Modelling conditions Model assessment criteria
EF
Modelling
 approach PTF§
experimental
k when
available†
Model input
 variables N C CT DI

 %   %   % 
DSC 1a 1a no observed 139 79 98 122
DSC 1b 1b no observed 139 78 98 121
DSC 2a 2a no observed 139 83 99 121
DSC 2b 2b no observed 139 82 99 122
1a Hybrid 1a yes observed 139 85 98 119
1b Hybrid 1b yes observed 139 83 99 118
2a Hybrid 2a yes observed 139 85 98 121
2b Hybrid 2b yes observed 139 84 98 121
RSC I 1a no 1D correlated
random
500 72 98 129
RSC II 1a no 1D correlated
random per
district
4x500 77 98 122
RSC III 1a no 3D correlated
random
12x500 84 99 122
§ PTF: Pedotransfer function.
† The Freundlich coefficient k of the Freundlich equation S=kCm was calculated using meas-
ured data when available (cf. Equation (32)).
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For the Rigosol sites, Figure 39 depicts observed and predicted solution phase
concentrations and total concentrations of Cd. The total concentrations are fairly
well predicted by all modelling approaches. This finding indicates that the calcu-
lation of soil exchange rates using the measured OC profile is suited to model
the transfer of soil between top and subsoil due to deep ploughing. However, the
solution phase concentrations are acceptably predicted only by the DSC
approaches (Table 13). The RSC approaches do not agree very well with the ob-
served data. Even though the solution phase concentration is well predicted in
the Ap horizon, the RSC approaches fail to predict the concentrations observed
in subsoil. The deviation between observed and predicted values is mainly
caused by different sorption properties of subsoils of the 14 Rigosols sampled
and those of the random soil columns generated (N=500-6,000). There are two
major reasons for this difference: (1) The vector of means and the covariance
matrix of random variables for the RSC approaches were obtained from the Non-
Rigosol sites (N=139) and not from the 14 Rigosol sites, (2) the mean of
observed data as well as of DSC modelling approaches was taken over 14 obser-
vations only. Single profiles with exceptionally high solution phase concentra-
tions in subsoil, like the Rigosols I09 and H17, did strongly affect the mean
value. Hence, the number of Rigosols sampled is hardly sufficient to produce a
stable regional mean.
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Table 13: Modelling conditions and results for the Rigosol sites. Cd displace-
ment was predicted with either deterministic soil column (DSC) or random soil
column (RSC) modelling approaches using the local model SEFAH. The mod-
elling efficiency (EF) and the displacement index (DI) are defined in Equation
(40) and (41), respectively. C denotes the solution phase concentration and CT
the total concentration. The model assessment criteria were calculated for the
averaged profile (N=14).
Modelling conditions Model assessment criteria
EF
Modelling
 approach PTF§
Experimental
k when avail-
able†
Model input
 variables N C CT DI

 %   %   % 
DSC 1a 1a no observed 14 47 94 87
DSC 1b 1b no observed 14 61 95 89
DSC 2a 2a no observed 14 68 93 86
DSC 2b 2b no observed 14 60 94 87
RSC I 1a no 1D correlated
random
500 -361 94 80
RSC II 1a no 1D correlated
random per
district
4x500 -378 96 86
RSC III 1a no 3D correlated
random
12x500 -374 96 85
§ PTF: Pedotransfer function.
† The Freundlich coefficient k of the Freundlich equation S=kCm was calculated using meas-
ured data when available (cf. Equation (32)).
Therefore, the deviation between the results of the RSC simulations and
observed values does not necessarily indicate a failure of RSC modelling
approaches. In contrast, the model outputs are in line with the measurements of
Non-Rigosols. The averaged solution phase concentration of Non-Rigosols in
Ap horizons is 1.76 µg L-1. Even if top and subsoil were completely exchanged
due to deep ploughing, the concentration in the subsoil would be at maximum
the concentration of the former Ap horizon. Therefore, an average concentration
of about 3.2 µg L-1 like observed in the 0.5 to 0.6 m layers from the 14 Rigosols
sampled is not necessarily the “real” regional mean.
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Figure 40: Observed and predicted profiles of averaged solution phase concen-
trations and total concentrations of Non-Rigosol and Rigosol sites.
To complete the picture the predicted regionally averaged solution phase con-
centrations and total concentrations of both Non-Rigosol and Rigosol sites are
shown in Figure 40. Not surprisingly the predicted solution phase concentration
below 0.5 m is highest for the DSC 1a modelling approach. The high solution
phase concentrations of the 14 measured Rigosol profiles markedly affect the
regionally averaged profile in the subsoil. The EF of the DSC 1a approach is
74% concerning C and the DI is 110%. The EF of RSC approaches ranges
between 60% and 64% for C and the DI varies between 121% and 124% (Table
14).
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Table 14: Modelling conditions and results for the Non-Rigosol and Rigosol
sites. Cd displacement was predicted with either deterministic soil column
(DSC) or random soil column (RSC) modelling approaches using the model
SEFAH. The modelling efficiency (EF) and the displacement index (DI) are
defined in Equation (40) and (41), respectively. C denotes the solution phase
concentration and CT the total concentration. The model assessment criteria
were calculated for the averaged profile (N=153).
Modelling conditions Model assessment criteria
EF
Modelling
 approach PTF§
experimental
k when avail-
able†
Model input
 variables N C CT DI

 %   %   % 
DSC 1a 1a no observed 153 74 99 110
DSC 1b 1b no observed 153 72 99 110
DSC 2a 2a no observed 153 79 99 109
DSC 2b 2b no observed 153 81 99 110
RSC I 1a no 1D correlated
random
500 60 97 124
RSC II 1a no 1D correlated
random per
district
4x500 64 98 121
RSC III 1a no 3D correlated
random
12x500 63 98 121
§ PTF: Pedotransfer function.
† The Freundlich coefficient k of the Freundlich equation S=kCm was calculated using meas-
ured data when available (cf. Equation (32)).
Between districts, the quality of simulation results is very different (Table 15).
The best agreement between observed and predicted values was achieved for the
soils of District 1. In contrast, for the soils of District 2 particularly the non-
Hybrid approaches produced unsatisfactory simulation results (EF of C: -14-
26%). For the soils of District 4 all approaches distinctly overestimated the dis-
placement of Cd. The DI was up to 242% (Table 16) whereby the best DI values
were obtained by applying the DSC Hybrid approaches, i.e. using measured data
for calculating Freundlich coefficients when available.
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Table 15: Modelling efficiencies (cf. Equation (40)) of district-averaged solu-
tion phase concentration (C) and total concentration (CT) profiles of Non-Rigo-
sol sites. The Cd displacement was predicted with either deterministic soil col-
umn (DSC) or random soil column (RSC) modelling approaches using the local
model SEFAH.
Modelling efficiency (EF)
District 1
(N=33)
District 2
(N=35)
District 3
(N=41)
District 4
(N=30)
Modelling
approach C CT C CT C CT C CT
DSC 1a 84 99 10 96 72 97 64 95
DSC 1b 81 99 -14 95 71 97 62 94
DSC 2a 87 99 19 96 72 97 51 94
DSC 2b 85 99 12 96 71 97 49 94
DSC 1a Hybrid 90 98 49 99 78 96 82 97
DSC 1b Hybrid 89 99 41 99 75 96 79 97
DSC 2a Hybrid 89 99 49 99 78 96 81 97
DSC 2b Hybrid 89 99 46 99 77 96 80 97
RSC II 90 99 -7 96 52 96 42 94
RSC III 92 99 26 97 76 98 37 96
Table 16: Displacement indices (cf. Equation (41)) of district-averaged profiles
of Non-Rigosol sites. Cd displacement was predicted with either deterministic
soil column (DSC) or random soil column (RSC) modelling approaches using
the local model SEFAH.
Displacement index (DI)
District 1
(N=33)
District 2
(N=35)
District 3
(N=41)
District 4
(N=30)
Observed 100 100 100 100
DSC 1a 116 87 140 231
DSC 1b 111 87 141 240
DSC 2a 110 83 146 237
DSC 2b 110 83 149 242
DSC 1a Hybrid 123 82 143 193
DSC 1b Hybrid 119 81 145 197
DSC 2a Hybrid 120 82 150 194
DSC 2b Hybrid 119 82 152 199
RSC II 103 80 147 240
RSC III 112 82 140 233
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8.5.2. Cd Plant Uptake
Figure 41 shows simulated averaged Cd contents of wheat grain together with
the saturation deficit between 1957 and 1996. The figure shows only the results
of the RSC modelling approaches. The development of the Cd contents reflects
the input history (Chapter 7.1), which is superimposed by the annual fluctuation
of the saturation deficit. Before 1980, Cd contents gradually increased from
about 0.01 mg kg-1 in 1957 to 0.075 mg kg-1 in 1979. Within 7 years only (1980-
1986) the Cd content doubled from about 0.1 to 0.2 mg kg-1. This period of
strong increase is identically with the period of the highest Cd loads. Since late
1980s the continuous increase of Cd contents has stopped. Between 1987 and
1996 the Cd contents of wheat grain have fluctuated at a high level between
0.157 mg kg-1 and 0.257 mg kg-1. Especially in 1989, 1992 and 1994, high satu-
ration deficits led to very high Cd contents. Highest Cd contents were predicted
by RSC I and lowest by RSC III.
Figure 42 shows simulated Cd contents of the processed plant parts of winter
wheat, sugar beet and potato (Cluster Alpha). The model SEFAH was run with a
constant mean saturation deficit of 659 Pa using the RSC I approach. Predicted
Cd contents of all three plants show that contents were highest in the mid
eighties while thereafter the contents slightly decreased. Highest contents was
predicted for wheat grain followed by sugar beet hypocotyl. Simulated contents
of potato tuber were lowest. Note, however, that using the parameter set for the
Cluster Beta potato (cf. Chapter 7.5) would result in contents roughly twice as
high.
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Figure 41: Simulated average Cd contents of wheat grain from 1957 to 1996
using the RSC modelling approaches (upper panel). The bottom of figure shows
the saturation deficit of the air.
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Figure 42: Simulated average Cd contents of processed plant parts of winter
wheat, potato and sugar beet from 1957 to 1996 using the RSC I approach. For
modelling constant mean saturation deficits were used.
Environmental Fate Modelling
111
8.6 Scenario Simulations
The model SEFAH was applied to look into the following questions:
- What would have happened if the Cd loads had not been reduced in the mid
eighties?
- What would have happened if from 1957 to 1996 the Cd loads had been at
the maximum level allowed by the German sewage sludge regulation?
- How will Cd pathways develop if the Cd loads from 1996 to 2046 are kept at
the level of the year 1996?
- How would changes in soil pH affect the Cd uptake by winter wheat?
8.6.1. Scenario 1: What would have happened if Cd loads had not been
reduced in the mid eighties?
In the mid 1980s the monitoring of illicit emissions to the municipal sewage
canal system was enhanced and the sewage plant was equipped with a sewage
press. Due to these two measures the Cd loads into the WIA have been markedly
reduced (Chapter 4). Scenario 1 assumes that these countermeasures were not
taken in the mid 1980s. In other words, Scenario 1 is a worst-case scenario. It is
assumed that from 1985 to 1996 the Cd load of each district amounted to its
mean between 1980 and 1984 (District 1: 98.5 g m-2, District 2: 119.3 g m-2,
District 3: 156.5 g m-2, District 4: 125.1 g m-2). Scenario 1 was computed by
applying the DSC approach using DSC 1a Hybrid for Non-Rigosols and DSC 1a
Rigosols.
Figure 43 shows the model output of Scenario 1. If no countermeasures had
been introduced in the mid 1980s, in 1996 the mean Cd content of wheat grain
would have been 0.43 mg kg-1. This value is markedly higher than twice the
German food guideline value. The regional averages of the Cd solution phase
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concentration and total concentration would have been 4 µg L-1 and 0.559
mg kg-1, respectively. The ground water would not yet have been affected. In
1996, the averaged concentration in seepage water would have been 0.15 µg L-1.
But on the long run adverse effects on ground water quality would be unavoid-
ably. This scenario demonstrates that the decision of the BMWA in the early
1980s to take measures against the high Cd inputs was fully reasonable. Without
these measures, the impact on soil quality would have been tremendous. It is
even questionable whether the soils of the WIA would still be suited for food
production today.
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Figure 43: Cd content in wheat grain for Scenario 1 and a DSC hindcast simu-
lation. Scenario 1 assumes that Cd loads had not been reduced in the mid
1980s.
8.6.2. Scenario 2: What would have happened if from 1957 to 1996 the
Cd loads had been at the maximum level allowed by the German
sewage sludge regulation?
According to the German sewage sludge regulation (AbfKlärV, 1992) the per-
mitted Cd load is 8.33 g ha-1 yr-1. The total atmospheric Cd deposition (wet and
dry) was set to 0.9 g ha-1 yr-1 (cf. Chapter 8.4.3). Hence, the Cd load of each dis-
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trict amounts to 9.23 g ha-1 yr-1. In case of Non-Rigosols, the simulation was car-
ried out with the DSC 1a Hybrid and in case of Rigosols with the DSC 1a
approach.
Figure 44 presents the results for Scenario 2. At permitted Cd inputs the Cd con-
tent of wheat grain would have increased about linearly from 0.01 mg kg-1 in
1957 to 0.04 mg kg-1 in 1996. However, Cd accumulates slowly but continu-
ously in soils until a steady state is reached.
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Figure 44: Cd content in wheat grain for Scenario 2: From 1957 to 1996 the Cd
loads have been at the maximum level allowed by the German sewage sludge
regulation.
In case of an uncontrolled Cd uptake by plants (η = 1) the steady state concen-
tration can be calculated by performing a Cd balance for the Ap horizon. In
steady state Cd inputs and Cd outputs of the Ap horizon are equal
LeachingHarvestRootInput QQQQ +=+ (84)
where QInput (g ha-1 yr-1) denotes the Cd input due to deposition and waste water
irrigation, QRoot (g ha-1 yr-1) is the Cd flux from subsoil to the Ap horizon by
plant uptake, QHarvest (g ha-1 yr-1) denotes the withdrawal with the harvest mate-
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rial and QLeaching (g ha-1 yr-1) stands for the Cd leaving the Ap horizon by leach-
ing.
If η equals unity the steady state concentration is constant with depth (cf. Chap-
ter 9.5). Therefore, QRoot can be written as (Chapter 6.3)
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and the withdrawal with harvest material becomes
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The amount of Cd leaving the Ap horizon by leaching may be written as
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For symbols see the Appendix (Table A1). Inserting equations (85)-(87) into
Equation (84) results in
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At a QInput of 9.23 g ha yr-1 and under the meteorological conditions of the WIA
assuming a hypothetical monoculture of winter wheat (P=632 mm yr-1, I=545
mm yr-1, pET=540 mm yr-1, QY=0.98, QHM=2.1, ∆e =658 Pa, kP=4.0 Pa, Y=10830
kg ha-1 yr-1) the Cd solution phase concentration at steady state is 1.3 µg L-1 and
the content in wheat grain is 0.14 mg kg-1. The annual Cd output by the with-
drawal of harvest material and leaching at steady state would be 0.72 g ha-1 yr-1
and 8.51 g ha-1 yr-1, respectively. That means, the Cd output by leaching is the
Environmental Fate Modelling
115
major sink (92%) and the Cd output by the withdrawal of harvest material is
only of minor importance (8%). However, one of the specific features of the
WIA is the high irrigation rate. If the irrigation rate would be only half of the
current rate the steady state concentration and the Cd content in wheat grain
would increase to 2.2 µg L-1 and 0.24 mg kg-1, respectively. The withdrawal of
harvest material would increase to 13% of total sinks.
8.6.3. Scenario 3 (1996-2246): How will Cd pathways develop if the Cd
loads from 1996 to 2246 are kept at the level of the year 1996?
Scenario 3 is a “business as usual” scenario. Since the Cd displacement is gener-
ally very slow simulations were run from 1996 to 2246. Only after such a long
simulation period a usable breakthrough curve was obtained. Scenario 3 assumes
that from 1996 to 2246 Cd loads by waste water irrigation were at the level of
the year 1996 (1.1 g ha yr-1). The total atmospheric deposition was set to 0.9
g ha-1 yr-1 (cf. Chapter 8.4.3). The simulation was run with the RSC III model-
ling approach. Each model run was initiated with one of the twelve model
outputs of the hindcast simulation RSC III. Climatic input variables (N, pET, ∆e)
were set to the averages of the period from 1957 to 1996. Crop yields beet were
kept constant at the levels of the year 1996.
Figure 45 shows the development of Cd content in wheat grain from 1957 to
2046. After 1996 the simulation was run with a constant average saturation defi-
cit. The Cd content decreases gradually from 0.16 mg kg-1 in 1996 to about 0.11
mg kg-1 in 2046. The solution phase concentration in the Ap horizon decreases
from 1.7 µg L-1 in 1996 to about 0.9 µg L-1 in 2046. Moreover, in 2046 Cd is
displaced to a depth below 1.2 m (Figure 46).
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Figure 45: Simulated Cd content in wheat grain between 1957 and 2046. From
1996 to 2046 Cd loads were kept at the level of 1996 (Scenario 3). Simulations
were carried out with the RSC III modelling approach.
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Figure 46: Simulated regionally averaged solution phase concentrations and
total concentrations of Cd in 1996 and 2046. From 1996 to 2046 the Cd loads
were kept at the level of 1996 (Scenario 3). Simulations were carried out with
the RSC III modelling approach.
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Figure 47 shows the regionally averaged breakthrough curve of Cd. Before 1980
the Cd concentration in seepage water is at the background level. After 1980 the
Cd concentration increases gradually. The maximum (0.65 µg L-1) is reached
around 2100. After 2100 the Cd concentration decreases more or less linearly
and is 0.55 µg L-1 in 2246.
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Figure 47: Predicted average Cd concentrations in seepage water at the depth
of water table. From 1996 to 2246 the Cd loads were kept at the level of 1996
(Scenario 3). Simulations were carried out with the RSC III modelling
approach.
8.6.4. Scenario 4 (1957-2046): How would changes in soil pH affect the
Cd uptake by winter wheat?
Three different cases were investigated, whereby any changes were restricted to
Ap horizons. At the beginning of simulations (a) the mean pH in Ap horizons
was lowered from 5.78 to 5.5 (target pH of most soils in the WIA) and the stan-
dard deviation was not changed, (b) the standard deviation was lowered from ±
0.418 to ± 0.315 (-25%) whereby the mean pH was left unchanged, (c) like (b)
but the standard deviation was lowered to ± 0.209 (-50%). Since in Scenarios 4b
and 4c the standard deviation was changed the covariance matrix had to be
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modified as well (Hartung, 1999). For calculation the correlation matrix of
measured soil pH was used. Scenario 4 was computed with the RSC I modelling
approach.
Figure 48 presents the results of different simulations. A decrease of the mean
pH in Ap horizons from 5.78 to 5.5 increases the Cd content of wheat grain of
about 35%. In 1996, at the RSC I hindcast simulation the average Cd content of
grain was 0.20 mg kg-1 but 0.27 mg kg-1 at the Scenario 4a. In contrast, a
reduction of the pH variability in Ap horizons had only a minor effect on Cd
uptake. In Figure 44 the lines of the two scenarios and the RSC I hindcast
simulation can hardly be distinguished from each other. A reduction of the pH
variability of 50% leads to a decrease in the Cd content of grain of only 5%.
Also the number of sites at which in 1996 the Cd content of grain exceeded the
limit of 0.24 mg kg-1 is not strongly touched. In 1996, according to the RSC I
hindcast simulation 24% of sites exceeded the limit whilst in Scenario 4b 22%
and in Scenario 4c 20% of sites exceeded the limit.
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Figure 48: Cd content in wheat grain for scenario 4a. At the beginning of the
simulation the mean pH in Ap horizons was lowered to 5.5 (target pH of most
soils) and the standard deviation was not changed.
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Figure 49: Cd content in wheat grain for scenario 4b and 4c. The mean pH in
Ap horizons was not changed but the standard deviation was lowered by 25%
and 50%.
8.7 Discussion
8.7.1. Displacement
For modelling the Cd movement it was assumed that the solute transport was
convective-dispersive at the local scale and approximately stochastic-convective
at the regional scale. It is beyond the scope of this study to prove or test these
assumptions. The transport mechanism could be evaluated, for example, by
monitoring solute spreading at progressive time by soil coring (Jury and Flühler,
1992). In case of strongly sorbing solutes like Cd the measurement intervals
would have to be decades. However, there are sound arguments why to apply
different approaches at different scales. As already mentioned in Chapter 3.1,
the displacement velocity of a strongly sorbing solute is mainly controlled by the
water flux and sorption characteristics of the soil. Streck and Richter (1997a)
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observed at a field within the WIA that, for instance, soil pH was spatially corre-
lated over a distance of about 30 to 60 m. As shown in the present study, at the
regional scale the correlation length of these soil properties increases to
distances of several hundred meters. On the assumption that the correlation
length of displacement velocity is in the same range as that of the transport-
relevant soil properties it seems unlikely that at the regional scale the transport
distance, which is 1.8 m on average within the WIA, allows for a lateral mixing.
Hence, at the regional scale it is likely that the movement of strongly sorbing
solutes can be represented by a parallel soil column approach.
For the whole study the concentration in soil solution is of fundamental impor-
tance. In the present study Cd in soil solution was approximated by equilibrating
soil with a 0.0025 M CaCl2 background electrolyte. It is well known that ionic
strength, chloride and calcium concentration affect Cd sorption (Boekhold et al.,
1993). Therefore, the proper selection of the background electrolyte is essential
in order to obtain reliable results. The composition of the background electrolyte
should be similar to that of the soil solution, which depends on soil type, land
use, climate etc. Moreover, short-term variation can be caused by fertilization or
rainfall events. Hence, it is not surprising that the pertinent literature offers a
wide spectrum of background electrolytes. Elzinga et al. (1999) evaluated batch
sorption data from the literature and found that, for example, Ca2+ concentration
in batch solutions ranged from 0.001 to 0.1 M. Thus the question arises, which is
the correct background electrolyte? The experimental setup for generating sorp-
tion data has to be adjusted to the particular application. For instance, for the
modelling of Cd transport in soil it is necessary to determine the total dissolved
mobile Cd (e.g. free Cd2+ and complexed Cd2+) and to consider the time scale at
which heavy metal displacement occurs. There is evidence that disregarding
short-term variation of the controlling variables of a long-term process is
possible without producing a significant error. For example, when heavy metal
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transport is modelled the simulation of the water regime under stationary
conditions yields similar results as compared to simulations based on transient
water flow (Swartjes, 1990). Therefore, it is most important to select the
background electrolyte so that it represents the long-term composition of soil
solution. For these reasons, a 0.0025 M CaCl2 background electrolyte was used,
which corresponds to the average ionic strength of the irrigation water as
calculated from data by Fassbender and Steinert (1979). In addition, chloride is
the main anion of the waste water, therefore complexation of Cd2+ by Cl-1 has to
be taken into account. Last but not least, Streck and Richter (1997b) successfully
used the same experimental procedure to model heavy metal displacement in a
field within the WIA. To sum up, the method applied seems suitable to obtain
reliable estimates of the concentrations in soil solution under the special
conditions of the WIA.
Another very important methodical assumption is that the EDTA-extractable
content represents the fraction of Cd which participates in sorption-desorption
reactions. This assumption has already been used successfully by other authors
(Filius et al., 1991; Schulte and Beese, 1994; Streck and Richter, 1997a). In
addition, there are sound arguments for using the strongly complexing ion
EDTA for this purpose. Firstly, EDTA does not extract Cd from the silicates
(Brümmer et al., 1986), and secondly, EDTA reduces the free metal concentra-
tion by complexation to near zero, which should induce an almost quantitative
desorption. Moreover, Gäbler et al. (1999) found in a recent study experimental
evidence for the correctness of this assumption. The authors measured the
amount of heavy metals participating in sorption-desorption reactions using an
alternative method, the isotope dilution mass spectrometry. With regard to Cd,
both methods, EDTA-extraction and isotope dilution mass spectrometry, led to
comparable results.
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The present study confirms the results of several other investigations carried out
in the past: Heavy metal displacement is a very slow process (e.g. Dowdy et al.,
1991; Cernik et al., 1994; Filius, 1993; Streck and Richter, 1997a). Even though
conditions in the WIA are favourable to heavy metal transport (annual
ploughing, sandy soils low in pH as well as OC, high water flux densities) after
up to 40 years Cd has been displaced on average to little more than 0.5 m depth.
However, displacement depths of Cd within the WIA are extremely variable. At
some sites the observed displacement depth was up to 1.2 m. At other sites no
Cd displacement was measurable below the Ap horizon. This minor
displacement complicated the validation of the transport model. For example,
for the averaged profiles the modelling criterion EF was mainly controlled by
the three upper soil layers (0-0.5 m).
Especially the Cd concentrations in the 0.3 to 0.4 m layers showed a strong
deviation between observed and simulated values. This may be explained to
some degree by the sampling method used. As described in Chapter 5.1.1, first a
sample of the Ap horizon was taken separately by digging a hole. Afterwards, a
soil monolith was taken at the bottom of the hole with the help of a mechanical
soil auger. In many cases, during drilling soil material of the Ap horizon con-
taminated the surface of soil core. Therefore, in these cases the first centimeter
of the 0.3-0.4 m layer was excluded from sampling. Moreover, in several cases it
was difficult to determine the exact boundary between the Ap horizon and the
following layer. In addition, we have to bear in mind that the plough pan is a
part of the first layer below the Ap horizon. It is therefore possible that the bulk
density is higher than assumed. A higher bulk density would cause a higher
retardation and thus a slower displacement.
Besides these methodical problems, modelling assumptions may also have
caused the slight overestimation of Cd displacement at the Non-Rigosol sites.
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For example, all modelling approaches applied assume that soil pH is constant in
time. For agriculturally used soils this assumption seems reasonable. Particularly
in Ap horizons, a regular liming of soils should keep pH more or less at a
constant level provided the farmer acts like we expect. Indeed, even then there
will be short-term fluctuations of pH within a crop rotation, but such short-term
fluctuations would probably not significantly affect the long-term displacement.
However, interviews with farmers and employees of the BMWA revealed that at
the early 1980s the BMWA recommended to increase the soil pH to reduce heavy
metal uptake by plants. After some years this recommendation was weakened,
because it was observed that this method may also reduce the availability of
essential plant nutrients like copper. This example demonstrates that the
assumption of constant soil pH is probably too strict.
A further uncertainty in the modelling assumptions concerns the Cd loads by
application of sewage sludge. While the Cd concentration in waste water as well
as the amount of waste water irrigated has been measured since 1980, no
detailed information is available on the use of the sludge for fertilization. Nei-
ther amount of sludge applied, nor the fields utilized nor the years of application
were ever monitored. Thus, the reconstructed input history gives only a rough
picture of reality.
The model SEFAH does not account for preferential flow. Preferential flow has
been shown to arise from larger voids in the soil like vertical cracks or earth-
worm channels (Omoti and Wild, 1979; Ritchie et al., 1972). However, even
sandy soils have been found to exhibit preferential flow, which originates from
flow instabilities arising from transport across layered soil interfaces (fingering)
and from funneling mechanisms (Kung, 1990). Experimental studies have been
carried out predominantly with pesticides. Flury (1996) reviewed the literature
and found that in worst case up to 5% of the applied mass can be leached by
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preferential flow below the root zone. Indeed, particularly for pesticides prefer-
ential flow has serious environmental implications. Since biodegradation of
pesticides occurs mainly within the Ap horizon, it is highly advisable to keep
these compounds from migrating below this horizon. This issue is unimportant
with regard to heavy metals, which are persistent. Even though Cd may be
immobilized to some extent within the Ap horizon (Brümmer et al., 1988), the
major part of Cd will generally move towards the ground water and it only
depends on water flux density and sorption at which time Cd will arrive in the
ground water.
At asparagus sites Cd displacement is mainly controlled by deep ploughing.
Leaching is of minor importance. Due to deep ploughing high amounts of soil
material, organic matter and heavy metals are instantly exchanged between top-
soil and subsoil. A detailed investigation of the deep-ploughing process was
beyond the scope of this study. Particularly the modelling of the OC regime is
simplistic. Coupling the model SEFAH with a more detailed organic carbon
model would probably improve the model. Moreover, an explanation for the
deviation between the Monte-Carlo simulations and measurements could be sub-
soil acidification. This, however, would need further investigations and must be
left to future work.
8.7.2. Plant Uptake
The transpiration-based model predicted the uptake of Cd by winter wheat,
sugar beet and potato rather well. From the theoretical foundation of the model
three serious practical implications become evident. First, the model assumes
that the Cd uptake is directly proportional to the average saturation deficit of the
air. Consequently, the higher the saturation deficit the higher the Cd uptake.
Hence, in areas with different saturation deficits different limit values for soil Cd
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content apply to protect plants against a harmful Cd pollution (cf. Figure 50A).
Results of a study by Lübben (1993) support this conclusion. The author
evaluated the results of identical pot experiments on the uptake of heavy metals
carried out at four locations in Germany (Braunschweig, Giessen, Munich,
Speyer). At the experimental site in Munich the Cd content of plants was sig-
nificantly higher than at the other sites. Lübben (1993) postulated that at least in
part this finding could be explained by an enhanced transpiration due to
increased temperatures. Second, without information on the saturation deficit of
the air an interpretation of the results as well as the comparison of different
studies is difficult. Unfortunately, most soil scientific studies on the plant uptake
of pollutants generally do not measure and report the saturation deficit of the air
during the experiment. For example, within the WIA the saturation deficit during
the main vegetation period of winter wheat was 692 Pa in 1998 and 917 Pa in
1999. According to the model, the climatic difference between both years may
already cause a variation in Cd uptake of about 30%. Third, the variation in Cd
uptake between plants species may be partly explained by their different water
use efficiencies. The more water a plant transpires for producing a quantity of
dry matter the higher is its uptake of heavy metals (cf. Figure 50B).
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Figure 50: Effects of (A) the average saturation deficit of the air and (B) kP on
Cd uptake by winter wheat according to the transpiration-based model. Values
for ∆e and kP are taken from Ehlers (1996, Tab. 11.6). In panel A the solution
phase concentration is set to 3 µg L-1.
The present study did not intend to explore the mechanism of Cd uptake by
plants. In fact, it supplies only a rather coarse picture on how the uptake may
work, based on the observation that the average saturation deficit of the air or
rather the transpiration markedly affected the uptake of Cd. According to
Bowling (1968) there is evidence that the latter finding indicates a non-meta-
bolic (passive) uptake. This might explain why the supply mechanism by diffu-
sion could be ignored in the plant uptake model. Diffusion requires a concen-
tration gradient in the vicinity of the root. Such a gradient is generally created by
an active uptake of ions by roots (Hendriks et al., 1981). When the uptake of a
solute by the root or rather the demand of the plant is greater than what can be
supplied by mass flow the concentration at the root surface is lowered and a
concentration gradient arises. Note, however, that Cd is a strongly sorbing
solute. The soil solution is highly buffered, i.e. the solution phase should be
more or less protected from being depleted even in the vicinity of the root.
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Figure 51: Effect of QHM and QY on the Cd content of the processed plant part.
QHM denotes the Cd content ratio and QY the dry matter yield ratio between
unprocessed and processed plant parts. The Cd content of the whole-plant is 1
mg kg-1.
Florijn and Van Beusichem (1993) studied the genotypic variation in uptake and
distribution in inbred lines of maize (Zea mays L.). They observed considerable
variation in Cd content in shoots of the maize inbred lines while whole-plant Cd
uptake was relatively constant. The authors concluded that internal distribution
rather than uptake is causing the genotypic differences in shoot Cd content. The
transpiration-based model considers internal distribution by the empirical
quotient QHM and QY (Figure 51). Both parameters were assumed to be constant.
However, own measurements had shown that, for example, QHM for wheat
varied between 1.1 and 4.0 and QY between 0.8 and 1.2. This variation might
have been caused by genotypic variation in internal distribution. However, at the
regional scale modelling with constant QHM and QY seems acceptable. At the
field scale, we would possibly have to consider genotypic variation.
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Many investigators observed that to a high degree Cd was retained in roots. For
example, Jarvis et al. (1976) examined the uptake of Cd by the roots of plants
and its transport to shoots using solution culture technique. They investigated 23
species and found that between 35% and 91% of Cd taken up was retained in the
roots. Winter wheat, for example, retained 68%. The percentages given are
probably much higher than under field conditions. The experiments did not last
for a complete vegetation period. The authors examined the distribution between
roots and shoots four days after a single, three-day exposure to a nutrient
solution containing 10 µg L-1 added Cd. However, Cataldo et al. (1981) have
shown that especially at maturity high amounts of Cd are remobilized to the
shoots or rather the seeds of plants. Reevaluating of wheat data from Lübben’s
pot experiments (Lübben, 1993, p.206-207) revealed that on average about 20%
of the total Cd taken up was retained in roots. This might be a reason why the
model, for example, overestimated the observed Cd contents of wheat grain by
12%. The model assumes that the Cd taken up is totally transported to the
shoots. Consequently, if a part of the Cd is retained in the roots, the model
overestimates the Cd content of shoots. Expanding the transpiration-based
model by a root compartment would probably improve the results. Unfortu-
nately, sampling as well as sample preparation of roots is extremely difficult
under field conditions. However, for application to plants with considerable
root-shoot barriers like soybean or bush beans the model would certainly have to
be extended by such a compartment.
Several studies have shown that Zn and also other cations are able to inhibit Cd
uptake (Cataldo et al., 1983; Jarvis et al., 1976; Shanker et al., 1996). However,
whether competitive inhibition becomes important depends strongly on the con-
centration of competing cations. For example, Jarvis et al. (1976) observed a
depression of the uptake of Cd by ryegrass at a Zn concentration of about 6,500
µg L-1. In the present study at all sites except one, no evidence was found for a
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depression of the uptake of Cd by Zn competition. In the soils of the WIA the Zn
concentration in Ap horizons was at maximum about 350 µg L-1. This concentra-
tion is markedly lower than that used in the study mentioned above.
Finally, it must be pointed out that the success of any future experiment to vali-
date the plant uptake model will strongly depend on the accurate choice of the
method to determine the concentration in soil solution. This issue, however, has
already been discussed in connection with Cd displacement (see Chapter 8.7.1).
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9 Simple Assessment Tools
9.1 Introduction
The next section presents two simple tools to assess the effect of soil Cd on
ground water and food quality. These tools are simple in the sense that they do
not use a numerical model, operate with simplified assumptions and need less
input data. However, despite their simplicity these tools are based on the same
physics as the model SEFAH.
In contrast to the German sewage sludge regulation (AbfKlärV, 1992), which
prescribes limits in terms of aqua regia content, both tools are using the concen-
tration in soil solution of the Ap horizon as a starting point. First of all, a thresh-
old Cd concentration Cth is determined for the solution phase. This concentration
should guarantee that a valuable function of soil (e.g. ground water protection) is
not disturbed. Based on Freundlich sorption the amount of Cd which is involved
in sorption-desorption reactions at the selected solution phase concentration is
calculated. This amount will henceforth be labelled limit sorption capacity
(LSC). A similar notion was already formulated by Brümmer (1978). The LSC
can be transformed to an aqua regia content, henceforth labelled as tolerable
total content (TTC), provided a statistical relationship between both variables
can be set up. In order to test the suitability of the approach, the effect of
calculated TTCs on ground water quality will be checked by numerical
simulations using the model SEFAH. Finally, the TTCs will be compared with
the limit of the German sewage sludge regulation (AbfKlärV, 1992).
Breakthrough times (BTT) of Cd to ground water are determined by means of a
piston-flow approach. This approach is similar to that used by Gäth (1996). The
accuracy of the procedure will also be tested by a comparison with the model
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SEFAH. For both TTC and BTT, maps will be computed by means of block
kriging. After investigating reliability and confidence of the maps an optimal
sampling strategy will be derived. The field observations of the first sampling
campaign (Chapter 5.1) supply the experimental database of this section.
9.2 Theory
9.2.1. Determination of the Threshold Concentration
A threshold concentration Cth should guarantee that a valuable function of soil is
not disturbed. Important functions concern, for example, the protection of food
and ground water quality. They may be defined as follows:
1) Ground water protection: A soil is capable to protect ground water against
harmful Cd pollution as long as it is ensured that a specific concentration in
ground water can be kept below a given limit, *gwC (µg L
-1).
2) Food protection: A soil is suitable for food production as long as the Cd con-
tent of a processed plant part is below a given limit, *fC (mg kg
-1).
The question now is which concentration in soil solution ensures these valuable
soil functions. Let us start with the topic of ground water protection:
Assuming steady state and that the local dispersion is negligible the solute trans-
port equation (Equation (50)) simplifies to
0=−
∂
∂
− φ
z
qC (89)
Applying Equation (63) for the sink term φ yields after integration
constzCTqC P =−− )exp( ϖη (90)
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Equation (90) states that the sum of convective solute flux and solute loss by
plant uptake is constant. The constant can be calculated from the boundary con-
dition. At z=0:
( ) CTfCqzCTqC PzP ηϖη −=−− = infinf0)exp( (91)
where f denotes the fraction of Cd taken up by plants which leaves the field by
withdrawal of harvest material. The concentration in soil solution as a function
of depth is thus given by
( )fzTzq
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P −−−
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(92)
If only processed plant parts are withdrawn from the field f is defined as
HMY QQ
f
+
=
1
1 (93)
Inserting Equation (48) into Equation (92) yields
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If the soil is ploughed Equation (94) splits into two terms







∞<<
+−−+−−+
≤<
+−−+−−+
=
zz
TfzTTEIP
Cq
zz
TfzTTEIP
Cq
zC
Ap
PPP
Ap
PApPP
      
)exp()1(
0      
)exp()1(
)(
infinf
infinf
ηϖη
ηϖη
(95)
According to Equation (95) three major cases can be distinguished when a soil is
covered by plants (Figure 52): (1) If the uptake of Cd by a plant is directly pro-
portional to the mass flow (η=1), the solution concentration is constant with
depth, (2) if only water but no Cd is taken up by plants (η=0) the concentration
increases below the Ap horizon and converges to a constant concentration below
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the root zone, and (3) if the uptake of Cd is enhanced (η>1) the concentration
decreases below the Ap horizon and reaches a constant concentration below the
root zone.
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Figure 52: Which concentration in soil solution ensures that the concentration
in seepage water at the depth of water table stays just below the limit C*gw? The
figure gives steady state concentration profiles for η=0 (no plant uptake), η=1
(uncontrolled plant uptake) and η=2 (enhanced plant uptake). The climatic con-
ditions were adjusted to average values of the WIA and the calculation was
performed for winter wheat.
Assuming η =1, as found for winter wheat and Cluster Alpha potato, a soil is
capable of protecting ground water against harmful Cd pollution as long as the
solution phase concentration in the Ap horizon does not exceed *gwC . Thus, the
threshold concentration in soil with regard to ground water protection is
1             *, == ηforCC gwgwth (96)
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Now we consider the threshold concentration for food quality protection. Pre-
suming that η =1, the concentration is constant with depth, and thus, integration
of Equation (70) yields
1            
1
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+
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= ηρ forC
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QQ
e
k
C f
Y
HMYPw
fth
(97)
A soil is suitable for food production as long as the solution phase concentration
in the Ap horizon does not exceed Cth,f.
9.2.2. Limit Sorption Capacity
The ability of soils to protect adjacent environmental compartments like ground
water or plants against harmful Cd pollution is determined to a high degree by
their sorption capacity. In weakly sorbing soils the same Cd immission leads to
higher solution concentrations than in strongly sorbing soils. A physically based
approach to quantify the sorption strength of soils is the concept of LSC. The
LSC (mg kg-1) is the amount of Cd which at Cth is buffered by a soil:
thCSLSC    +  ρ
θ
= (98)
Assuming Freundlich sorption, S can be written as
m
thCkS  = (99)
and Equation (98) becomes
th
m
th CCkLSC     ρ
θ
+= (100)
Since for strongly sorbing solutes (Streck, 1993)
th
m
th CCk    ρ
θ
>> (101)
we may use the following approximation:
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thCkLSC   ≅ (102)
The calculation of LSC always requires the specification of Cth. For example, in
the following LSC 3 denotes the LSC at the concentration in soil solution of
3 µg L-1. Because of the dominant importance of the Ap horizon we restrict the
calculation of LSC to topsoils.
To allow for a comparison with other limit or guideline values it is useful to
convert the LSC into a aqua regia content. Here, converted LSC are labelled tol-
erable total contents (TTC). TTC values can only be specified if a statistical
relationship between total concentration and aqua regia content can be estab-
lished (e.g. Equation (75)).
9.2.3. Breakthrough Time
While the concept of LSC focuses on the topsoil, this section deals exclusively
with the subsoil. By calculating breakthrough times (BTT) we aim at answering
the question how fast Cd will be transported through the subsoil to the ground
water at a constant infiltrating concentration. This time span depends mainly on
sorption strength of subsoil and water flux. Using a “piston-flow” approach
(Streck, 1993; Gäth, 1996) which neglects local dispersion the breakthrough
time BTT (yr) of a solute through an unloaded subsoil to the ground water can be
calculated by
∑
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


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BTT
1 inf
inf )(1 ρθ (103)
where Cinf (µg L-1) is a constant infiltrating concentration, usually a threshold
concentration, and q is the water flux density (m s-1). hi is the thickness (m), ρi
the bulk density (kg L-1), θi the volumetric water content (% by volume) and Si
the sorbed phase concentration (µg kg-1). The subscript i denotes the i-th soil
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layer below the Ap horizon. The n-th layer is assumed to be bordered by ground
water. Inserting Equation (99) and using Equation (101) yields
i
n
i
iim khqC
BTT ∑
=
−
≅
1
1
inf
1 ρ (104)
Calculations require the specification of the infiltrating concentration applied.
For example, BTT 3 denotes the BTT at a constant infiltrating concentration of
3 µg L-1.
9.3 Application
9.3.1. General Preparations
The field observations of the first measuring campaign supply the experimental
database for the following calculations. For *fC  the doubled value of the German
food guideline value for wheat grain (0.24 mg Cd kg-1) and for *gwC  the WHO
guideline value for drinking water (3 µg Cd L-1) were selected (Table 17). The
parameter η was set to unity, and thus, Cth,gw is 3 µg L-1 (cf. Equation (96)).
Using Equation (97) with the parameters for wheat estimated in the present
study Cth,f becomes 2.1 µg L-1 (η =1, kP=4.0 Pa, QHM=2.1, QY=0.98, cf. Table
11).
In 38% of samples (N=616) the Freundlich coefficients could be determined
experimentally. With the remaining samples, the concentration in soil solution
was below the detection limit. In these cases the Freundlich coefficients k were
calculated from pH and OC by the pedotransfer function PTF 2b (Chapters 5.3
and 7.4). The calculated LSC were transformed to tolerable total contents TTC
by applying Equation (75).
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Table 17: National and international drinking water and ground
water guideline and limit values for Cd.
Guideline and limit values Cd
µg L-1
Drinking water
Limit of the German drinking water regulation (TrinkV, 1986)§ 5
Guideline value for drinking water (WHO, 1993) $ 3
Ground water
Netherlands List (1994)
- Reference value (S-value) & 0.4
- Intervention value (I-value) # 6
Anonymous (1993)
- H-W value for ground water ‡ 1
- P-W value for ground water † 3
- Pmax value for ground water †† 8
§ Limits are maximum values which, in general, may not be exceeded.
$ The guideline value is intended to help to establish national limits.
& The reference value represents concentrations of “normal” unpolluted ground water.
# Measures of remediation are regarded as necessary.
‡ Background concentration in unpolluted ground water.
† Trigger value to protect the ground water against harmful immissions from contaminated
soils. Detailed investigations are necessary.
†† Tolerance value to protect the ground water against harmful immissions by contaminated
soils. Measures of remediation are regarded as necessary. Higher concentrations than the
Pmax value can be tolerated at a toxicologically low risk of human health.
For the calculation of breakthrough times the following assumptions were made:
The mean water flow density was set to 570 mm yr-1 (Chapter 8.4.1). Mean bulk
densities of 1.51 kg L-1 were assumed for the Ap and of 1.67 kg L-1 for the sub-
soil horizons (Chapter 8.4.3). When the interpolated depth of water table (Chap-
ter 8.4.2) was below the sampling depth, the sorption characteristic of the
unsampled soil zone was approximated by that of the deepest sampled layer.
The environmental fate model SEFAH was used to test the assessment tools. The
regional simulation was performed by applying the DSC 1a Hybrid modelling
approach (Chapter 8.2). Deep ploughing due to asparagus cultivation (Chapter
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6.2.3 and 7.2) was ignored in all simulations. The breakthrough time was
defined as the time at which the concentration in seepage water reached 50% of
the infiltrating concentration.
9.4 Results
9.4.1. Tolerable Total Contents
Calculated tolerable total Cd contents for different threshold concentrations are
given in Table 18. Remember that the observed mean aqua regia Cd content in
Ap horizons was 0.36 mg kg-1 (cf. Table 4). Comparison with the calculated
TTCs shows that on the regional average neither the TTC 2.1 (0.48 mg kg-1) nor
the TTC 3 (0.61 mg kg-1) is exceeded in Ap horizons of the WIA. However, the
aqua regia content exceeds at 30% and 17% of sites the TTC 2.1 and TTC 3,
respectively. Thus, at the regional mean soils are still suited for wheat produc-
tion as well as for ground water protection. Locally, however, both soil func-
tions are partly restricted.
The limit according to the AbfKlärV (1992) of 1 mg kg-1 exceeds the calculated
TTC 2.1 and TTC 3 in 97% and 90% of sites, respectively. Hence, in the sandy
soils of the WIA the limit is neither suited to guarantee Cd contents in wheat
grain below 0.24 mg kg-1 nor sufficient to ensure Cd concentrations in seepage
water below 3 µg L-1.
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Table 18: Calculated tolerable total Cd contents for different threshold con-
centrations. 147 Ap horizons within the WIA were investigated.
Threshold
concentra-
tion
Tolerable total Cd content in the Ap horizons
X 5.0X Min. Max. CAR > TTC Limit of AbfKlärV(1992) protects soil
function  §
 µg L-1   mg kg -1   %  % of sites
1† 0.30 0.27 0.10 1.05 63 1
2.1‡ 0.48 0.44 0.14 1.79 30 3
3† 0.61 0.56 0.17 2.32 17 10
5† 0.88 0.80 0.23 3.39 9 30
8† 1.23 1.11 0.31 4.80 3 56
† Possible threshold concentrations with regard to ground water protection
‡ Threshold concentration for wheat production. According to the transpiration-based model
the Cd content in wheat grain exceeds the limit of 0.24 mg/kg at a concentration in soil solu-
tion higher than 2.1 µg/L.
§ The limit of the German sewage sludge regulation for sandy soils
(clay content < 5% or 5 < pH < 6) is 1 mg kg-1.
Figure 53A shows block kriging estimates of the mean TTC 2.1 within 100 m x
100 m blocks. For kriging the log-transformed TTC’s an exponential variogram
model with a sill of 0.229 and a practical range of 477 m was used. The map
indicates that the most strongly sorbing soils are preferentially located in Dis-
trict 3 and District 4 and there particularly in the western areas. Large areas of
weakly sorbing soils (TTC 2.1 = 0.15-0.35 mg kg-1) were observed especially in
the centre of District 1 and District 2. Soils in these areas are particularly suscep-
tible to Cd inputs. Figure 53B shows the blocks whose kriging estimates of the
current total Cd content exceeds TTC 2.1. The map was produced by overlaying
the maps of TTC 2.1 and CAR (see Figure 10A). In 233 blocks (8% of arable
land) the aqua regia Cd content exceeds TTC 2.1. These blocks are mainly
located in the proximity of the former sludge basins of District 1 and District 3.
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Figure 53: A) Map of block kriging estimates of the mean TTC 2.1 within 100 m
x 100 m blocks. B) Blocks whose kriging estimate of the current aqua regia Cd
content exceeds TTC 2.1.
Figure 54A shows block kriging estimates of the mean TTC 3 within 100 m x
100 m blocks. For kriging the log-transformed TTC 3 an exponential variogram
model with a sill of 0.231 and a practical range of 517 m was used. The regional
distribution pattern of TTC 3 is similar to that of TTC 2.1. In 30 blocks (1% of
arable land) the aqua regia content exceeds TTC 3 (Figure 54B). Again, these
blocks are mainly located in the vicinity of the former sludge basins of District 3
and District 4.
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Figure 54: A) Map of block kriging estimates of the mean TTC 3 within 100 m x
100 m blocks. B) Blocks whose kriging estimates of the current aqua regia Cd
content exceeds TTC 3.
By a numerical simulation it was tested whether the calculated TTC 3 can ensure
the defined ground water quality goal (3 µg Cd L-1). For a comparison, a similar
calculation was carried out using the current limit. Hence, two scenarios were
simulated over a period of 200 years. Scenario A: During the entire simulation
period the aqua regia Cd contents in Ap horizons were fixed at their TTC 3. Sce-
nario B: During the entire simulation period the aqua regia Cd contents in Ap
horizons were fixed at the limit of the sewage sludge regulation (1 mg Cd kg-1).
Figure 55 presents the results of the numerical simulations. If the aqua regia
content of the Ap horizons is kept constant at the level of the soil-specific TTC 3
(Scenario A) the average concentration in the seepage water at the depth of
water table would approach asymptotically 3 µg L-1. After 200 years the mean
Cd concentration in the seepage water would increase on the average to 2.4
µg L-1 with a coefficient of variation of 50%. At a constant aqua regia Cd
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content in Ap horizons of 1 mg kg-1 (Scenario B) the mean concentration in the
seepage water after 44 years would be 3 µg L-1. After 65 years the concentration
of 5 µg L-1 would be exceeded and after 200 years the concentration in seepage
water would be significantly above 8 µg L-1. For this scenario the coefficient of
variation of the concentration in seepage water was 104%. The highest local
concentration in the seepage water would be 41 µg Cd L-1.
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Figure 55: Averaged Cd concentrations in seepage water at the depth of water
table. Scenario A: The aqua regia Cd content in Ap horizons is fixed at the site-
specific TTC 3 (tolerable total content). Scenario B: The aqua regia Cd content
in Ap horizons is kept at the limit of the German sewage sludge regulation (1
mg kg-1).
9.4.2. Breakthrough Times
Based on the map of interpolated depths of water table (Figure 35), measured
and estimated Freundlich coefficients, the BTT of Cd for an infiltrating concen-
tration of 3 µg L-1 was calculated with Equation (104). The BTT 3 in subsoils is
lognormally distributed (KS-test, α=0.05). Mean and median are 141 years and
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105 years, respectively. The BTT 3 varies between 10 and 805 years and the
interquartile range is 117 years. The accuracy of the piston flow approach was
checked by a numerical simulation. The mean deviation between the results
obtained by numerical simulation and the piston-flow approach was ± 2 years.
Figure 56: Map of the calculated breakthrough times of Cd for an infiltrating
concentration of 3 µg L-1 (BTT 3). The mean water flux density was set to 570
mm yr-1. The breakthrough times were calculated with a piston flow approach.
Only the subsoil was considered in the calculation.
Figure 56 shows block kriging estimates of the mean BTT 3 in subsoils within
100 m x 100 m blocks. Large areas with large BTT 3 (200-800 years) are found
in the south-western and eastern parts of the area. Areas with smaller BTT 3,
Simple Assessment Tools
144
between 10 and 100 years, are estimated for the soils in the west of District 2
and 3 and for the soils in the south of District 4.
9.4.3. Error Analysis
In the previous chapters we estimated TTC and BTT in unsampled areas by block
kriging. The estimates were used, among other things, for detecting areas which
exceed a given threshold concentration. If such maps are to be used for man-
agement purposes it is particularly important to account for the uncertainty in
the estimates. In the following, reliability and confidence of block kriging esti-
mates (100 m x 100 m) for the Cd solution phase concentration in Ap horizons
will be evaluated. Kriging was carried out using log-transformed data and an
exponential variogram model with a sill of 0.6451 and a practical range of
472 m.
First, the uncertainty of estimates is assessed by confidence intervals (CI)
(Chapter 3.3.1). Since we are only interested whether the mean of a block is with
a given confidence either higher or less than the threshold concentration only
one-tailed confidence intervals are computed. At the 10% significance level the
one-tailed confidence interval becomes (see Equation (30))
RCI σ282.1±= (105)
Figure 57 was created on the basis of block kriging estimates and block kriging
variances obtained by using the 161 available sampling points. The figure shows
the blocks whose mean is, on the 90% confidence level, either higher or less
than the chosen threshold concentration of 2.1 µg L-1. Only for 4% of the area a
reliable statement is possible at this significance level and the current sample
size. In 84 blocks the mean concentration is lower than 2.1 µg L-1, while in 20
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blocks it is higher than 2.1 µg L-1. No statement is available about the remaining
≈2,700 blocks.
Figure 57: Block kriging estimates whose mean is with 90% confident either
higher or less the threshold concentration of 2.1 µg L-1.
Second, we use error maps to look into the question in as much an increase in
sampling points would improve our estimation result. First of all, a conditional
simulation was computed at 50,000 randomly drawn points within the WIA. On
the basis of this point data set a reference map of block kriging estimates of the
mean value within 100 m x 100 m blocks was computed. This map can be con-
sidered as one possible realization of the region. In the next step, different num-
bers of points (150, 250, 500, 1,000, 2,000, 4,000, 8,000, 16,000, 32,000) were
randomly drawn from the point data set and were used for calculating block
kriging estimates. The maps were then compared with the reference map and for
each block it was determined whether 1) the estimator was correct, 2) the esti-
mator was of Type I error (i.e. a block was falsely classified as not to exceed the
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threshold), or 3) the estimator was of Type II error (i.e. a block was falsely clas-
sified as to exceed the threshold).
Figure 58: Error map of block kriging estimates for different sample sizes. A)
N=150. B) N=8000.
Figure 58 shows the error maps of estimates on the basis of 150 and 8,000
points. The reference map contained 677 blocks (24% of arable land) whose
mean is higher than the threshold concentration of 2.1 µg L-1. On the basis of
150 sampling points 519 blocks were predicted to exceed the threshold concen-
tration in total. Only 304 blocks (45%) were correctly predicted. Type I error
occurred at 373 blocks, i.e. these blocks were falsely classified as not to exceed
2.1 µg L-1. Type II error occurred with 215 blocks, i.e. these blocks were falsely
classified as to exceed 2.1 µg L-1. Increasing the sample size to 8,000 points,
both Type I error and Type II error significantly decreased. Altogether 680
blocks were predicted to exceed the threshold concentration. From these 680
blocks 598 blocks (88%) were correctly predicted. Type I occurred at 79 blocks
and Type II error was observed at 82 blocks.
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Figure 59 gives a more detailed picture of the effect of increasing the sample
size on the reliability of block kriging estimates. Both Type I and Type II error
decrease strongly with increasing sample size (e.g. Type I error: 373 blocks at
N=150 versus 22 blocks at N=32,000). To discover 90% of blocks whose mean
is higher than 2.1 µg L-1 about 8,000 sampling points would be needed within
the WIA, corresponding to about 3 points per hectare. If we are satisfied with a
rate of correct classification of 75% we would still need 2,000 samplings points
corresponding to a sampling density of about 0.7 points per hectare.
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Figure 59: Reliability of block kriging estimates for different sample sizes. The
conditional simulated region contained altogether 677 blocks whose mean solu-
tion phase concentration in the Ap horizon is higher than 2.1 µg L-1.
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9.5 Discussion
The concept of LSC permits a simple evaluation of the current and future effects
of Cd immission on soils and adjacent environmental compartments. The cal-
culation of LSC uses the concentration in soil solution as the starting point since
both Cd transport in soil and uptake by plants are mainly controlled by the
solution phase and not by a total (e.g. aqua regia) content. Also investigations
from ecotoxicology (Van Gestel, 1997) refer to the outstanding role of the con-
centration in soil solution on the eco- and humantoxicological impact of heavy
metals in soils. Consequently, it should be possible to apply the concept of LSC
to this scientific field as well.
The calculation of the threshold concentrations presumes a mass-flow governed
Cd uptake by plants with a η =1. As a consequence, the concentration profile in
steady state is assumed constant with depth. Indeed, for winter wheat and Clus-
ter Alpha potato we observed an η of unity. If η is smaller than unity, the suffi-
cient threshold concentration is slightly lower. For example, if η is zero the
threshold concentration in the Ap horizon has to be 2.86 µg L-1 to ensure that the
Cd concentration at the depth of water table stays below the limit of 3 µg L-1.
However, the case of η <1 was not observed in the present study. Instead, a η
was observed to be about 2 for the Cluster Beta potato. In such a case the
threshold concentration in the Ap horizon could be even slightly higher than 3
µg L-1, in this case 3.13 µg L-1.
The threshold concentration to guarantee a sufficient wheat quality (Cd content
< 0.24 mg kg-1) was found to be lower than the WHO guideline value for drink-
ing water. According to this result the ground water is automatically protected
against harmful Cd pollution as long as the overlaying soil is suitable for wheat
production.
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With regard to Cd, at the regional mean soils of the WIA are still suited for
wheat production as well as for ground water protection. Locally, however, both
soil functions are partly restricted. Particularly in the proximity of the former
sludge basins it is very likely that the Cd content in wheat grain exceeds the
limit of 0.24 mg kg-1 within larger areas. As explored in the error analysis a
better sampling resolution would be necessary to reliably discover all these
locations. Both the former sludge basins and the former storage basins were not
sampled with sufficient intensity in the scope of this study. Only one sample was
taken in the third campaign in 1999 inside the storage basin of District 1. But
there is strong evidence that these sites are highly contaminated. If this suspicion
should be confirmed in future investigations these sites should be completely
excluded from agricultural use.
The error analysis of block kriging estimates shows that the maps presented are
mainly suited for visualizing rough trends like, for example, the relationship
between the vicinity to the former sewage sludge basins and high Cd loads. But
the suitability of these maps for detecting single blocks, or rather fields, which
are higher or below a certain threshold value is limited. On the current data basis
(161 sampling points) the rate of correct classification is too poor (e.g. about
45% with regard to the solution phase concentration). The results suggest that
due to the high spatial variability a sampling density of about 0.7 to 3 points per
hectare is necessary to get a reliable overview at each location within the WIA.
That is, before actions are taken, every single field must be sampled.
The calculated tolerable total Cd contents of the investigated soils were, on the
average, 0.48 mg kg-1 with regard to food quality protection and 0.61 mg kg-1
with regard to ground water protection. The limit given in the AbfKlärV (1992),
1 mg kg-1, is markedly higher than both TTCs. Consequently, in the sandy soils
of the WIA the current limit is neither suited to keep the Cd concentration in
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seepage water below the WHO guideline value, 3 µg L-1, nor does it ensure that
the Cd content of wheat grain stays below twice the German food guideline
value, 0.24 mg kg-1. In case of the sandy soils of the WIA it is therefore neces-
sary to lower the Cd limit if a sustainable soil management and the long-term
protection of valued soil functions is desired.
The solute transport model used for testing our concept considers neither kinetic
sorption (Selim et al., 1992) nor long-term immobilization (Brümmer et al.,
1988). The consequence of kinetic sorption would be an earlier increase of the
concentration in seepage water, but the asymptotic concentration of the simu-
lated scenarios would not be affected. Immobilization of Cd would lead to
higher tolerable total contents in the long run. However, based on our present
understanding a quantitative estimation of this process seems not yet possible.
The BTT calculated by the piston flow approach agree very well with the results
of the numerical simulations. This agreement indicates that the time at which the
concentration in seepage water reaches 50% of the input concentration can be
calculated by the simple approach presented almost as well as by a rather com-
plex solute transport model. It must be stressed, however, that the piston flow
approach neglects local dispersion, so that this approach provides no
information about any other parts of the breakthrough curve. A further restric-
tion is that the application of the simplified approach is only possible for spe-
cific initial and boundary conditions. For instance, a BTT could not be computed
in the case of a variable infiltrating concentration. Thus, this approach is
primarily a simple tool to evaluate sorption characteristics of the subsoil.
Nevertheless, the results show that despite the relatively homogeneous geo- and
pedogenetic conditions the computed breakthrough times are highly variable in
the investigation area. Moreover, it demonstrates that the effect of a Cd load on
ground water quality is delayed by decades or even centuries.
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10 Summary
Since the German Soil Protection Act has come into force in 1998, modelling of
the environmental fate of heavy metals, with special emphasis given to the fore-
cast of heavy metal concentrations in seepage water, has made a comeback. The
present study aimed at investigating the environmental fate of Cd in the soils of
the waste water irrigation area (WIA) of Braunschweig. The sandy acidic soils
(28 km2) within this region have undergone high loads of heavy metals by irri-
gation of municipal waste water for up to 40 years. 161 soil monoliths (0-1.2 m)
were sampled to study the current status of Cd accumulation as well as the hori-
zontal and vertical variability of sorption characteristics of soils. Moreover, Cd
uptake was investigated at 40 potato, 40 sugar beet and 20 winter wheat fields.
At each potato and sugar beet field a single plant was collected and soil mono-
liths were taken. At the winter wheat fields a plot of 0.25 m2 was sampled.
All soil samples were analysed for pH, organic carbon (OC) content, EDTA-
extractable content and Cd concentration in 0.0025 M CaCl2. It was assumed
that (1) the EDTA-extractable content represents the fraction of Cd which par-
ticipates in sorption-desorption reactions and that (2) by a 24 h equilibration of
soil with 0.0025 M CaCl2 the concentration in soil solution can be approxi-
mated. Moreover, all topsoil samples were analysed for their aqua regia Cd
content. Samples of processed and unprocessed plant parts were separately
analysed for their Cd contents.
The Cd contents in soils showed a high spatial variability. The aqua regia Cd
content in Ap horizons was 0.36 mg kg-1 on average. Particularly in the vicinity
of the former sludge and storage basins high Cd contents were found. No rela-
tionship between the operation period of districts and Cd loads was observed.
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Effects by different operation periods have probably been blurred by the transfer
of sewage sludge between districts.
On average Cd has been displaced to about 0.5 m depth. However, Cd displace-
ment is also highly variable. At some sites, even after 40 yr of waste water irri-
gation no displacement was measurable below the Ap horizon. In contrast, at
some sites Cd has been displaced to below 1.2 m. At asparagus sites, Cd has
mainly been displaced by deep ploughing and not by leaching. Deep ploughing
leads to an instant exchange of soil material as well as of heavy metals between
topsoil (0.0-0.3 m) and subsoil (0.3-0.6 m).
Soil pH in Ap horizons was both less variable and less continuous than in sub-
soils. The correlation length increased from about 500 m in Ap horizons to about
3,000 m in subsoils. This finding suggests that in Ap horizons soil pH is mainly
controlled by agricultural cultivation (liming, fertilization, crop rotation etc.).
With increasing depth soil pH is more and more controlled by hydro- and geo-
logical conditions (depth of water table, parent material etc.). In Ap horizons,
the correlation length of OC contents was much higher (about 2,200 m) than that
of soil pH. The OC distribution within the WIA could partly be traced back to
the land use history.
There is evidence that the uptake of Cd by plants essentially depends on the
amount of transpired water and hence the average saturation deficit of the air
during the vegetation period. For example, the slope of regression between Cd
concentration in soil solution and Cd content of wheat grain was 40% higher in a
year with a 33% higher saturation deficit. This finding has three implications.
Firstly, at locations with different saturation deficits different limits should be
imposed to protect plants against harmful Cd pollution. Secondly, the compara-
bility and interpretation of studies on the uptake of Cd by plants which do not
report the saturation deficit of the air is limited. Thirdly, the variation in Cd up-
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take between plant species may be partly explained by different water use effi-
ciencies.
The model SEFAH was used to predict both the displacement of Cd (leaching,
annual ploughing and deep ploughing) and its uptake by plants. Spatial vari-
ability of soil properties and boundary conditions was taken into account by
using a parallel soil column approach. Simulations were performed either by
deterministic one-dimensional simulations at points in the region where soil
properties had been determined experimentally or by the Monte-Carlo method.
Solute leaching in each column was modelled with the convection-dispersion
equation. The sorption of Cd was described with an extended Freundlich equa-
tion as a function of spatially variable pH and OC content. Deep ploughing was
computed by the use of soil exchange rates. The uptake of Cd by plants was
modelled using a transpiration-based approach. The uptake was assumed to be
proportional to mass-flow, i.e. the product of water transpired and Cd concen-
tration in soil solution. The results of hindcast simulations agreed well with both
the averaged profiles of measured Cd concentrations in soil and observed Cd
contents in plants.
After validation through hindcast simulations, the model was used to calculate
several retrospective and prospective scenarios with the following results:
(1) If Cd loads had not been reduced in the mid eighties the average Cd content
of wheat grain would have been 0.43 mg kg-1 in 1996. Thus, the decision of
the BMWA in the early eighties to take measures against the high Cd inputs
was fully reasonable. Without these measures the impact on soil quality
would have been tremendous and it is questionable whether the soils of the
WIA would still be suited for food production today.
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(2) If from 1957 to 1996 the Cd loads had been at the maximum level allowed
by the AbfKlärV (1992), the Cd content in wheat grain would have been, on
average, 0.04 mg kg-1 in 1996. By performing a Cd balance it was calculated
that the steady state content in wheat grain would be 0.14 mg kg-1 under the
conditions of the WIA.
(3) Presumed that Cd loads are kept at the current level, the average Cd content
of wheat grain will gradually decrease from 0.16 mg kg-1 in 1996 to about
0.11 mg kg-1 in 2046. The mean solution phase concentration in Ap horizons
will slowly decrease from 1.74 µg L-1 in 1996 to 0.9 µg L-1 in 2046. The
mean concentration in seepage water will continuously increase in the next
decades and reach its maximum (about 0.7 µg L-1) about 2100. Afterwards
the concentration will decrease to about 0.5 µg L-1 in 2246.
(4) A decrease of the current mean pH from 5.8 to 5.5 in Ap horizons would
markedly affect the uptake of Cd by winter wheat. Lowering soil pH would
increase Cd contents in grain by about 35%. In contrast, reducing the vari-
ability of pH in Ap horizons would have only a minor effect on Cd uptake.
Finally, two simple tools to assess the effect of soil Cd on ground water and
food quality were presented, the determination of tolerable total Cd contents
(TTC) and the calculation of breakthrough times (BTT). Both methods start with
the selection of a threshold concentration Cth in the solution phase. A properly
chosen value of Cth should guarantee that a valuable soil function (e.g. ground
water protection) is not disturbed. Based on the WHO guideline value for
drinking water and the German food guideline value for wheat grain values
selected for Cth in Ap horizons were 2.1 µg L-1 and 3 µg L-1, respectively. Limit
sorption capacities (LSCs), defined as the amount of Cd which is involved in
sorption-desorption reactions at the Cth selected were calculated assuming
Freundlich sorption. The LSCs were transformed to total tolerable contents
Summary
156
(TTCs) by regression. Breakthrough times, BTT, of Cd through the subsoil to the
ground water were determined by means of a simple piston-flow approach.
The regional average BTT for a Cd concentration of 3 µg L-1 in the infiltrating
water is 141 yr and varies between 10 and 805 yr. Thus, the effect of a Cd input
on ground water quality is delayed by decades or even centuries.
As far as Cd is concerned at the regional mean the soils of the WIA are still
suited for wheat production. Also, the quality of ground water is not at risk.
Locally, however, soil functions may partly be restricted. Analysis of error of
block kriging estimates revealed that based on the current sampling density only
a small fraction of these locations can be identified with sufficient confidence.
For example, conditional simulations showed that on the current data base only
45% of blocks (100 m x 100 m) whose mean solution phase concentration is
higher than 2.1 µg L-1 were correctly classified. Increasing the number of
sampling points from 161 to 2,000 or even 8,000 would increase the fraction of
correctly predicted blocks to 75% and 90%, respectively.
The tolerable total Cd contents calculated were, on the average, 0.48 mg kg-1
with regard to food production (wheat) and 0.61 mg kg-1 with regard to ground
water protection. Hence, for the sandy soils of the WIA the limit of the German
sewage sludge regulation (1 mg kg-1) is neither suited to keep Cd contents in
wheat grain below the legal limit (0.24 mg kg-1) nor appropriate to ensure Cd
concentrations in seepage water below the WHO guideline value for drinking
water (3 µg L-1).
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Appendix
Table A1: List of most important symbols.
Symbol Definition Unit
a empirical parameter of the extended Freundlich
equation
ANOVA one-way analysis of variance
b empirical parameter of the extended Freundlich
equation
BMWA Braunschweig Municipal Waste Water Association
BTT breakthrough time yr
C concentration in soil solution kg m-3
CAR aqua regia content mg kg-1
CEDTA EDTA-extractable content mg kg-1
Cinf concentration of infiltrating water kg m-3
CP content in processed plant parts kg kg-1
CPr concentration in precipitation kg m-3
CT total concentration mg kg-1
Cth threshold concentration µg L-1
Cth,f threshold concentration with regard to food produc-
tion
µg L-1
Cth,gw threshold concentration with regard to ground water
protection
µg L-1
CU content in unprocessed plant parts kg kg-1
CW concentration in waste water kg m-3
Appendix
*
gwC limit in ground water µg L
-1
*
fC limit in processed plant parts mg kg
-1
CDE convection-dispersion equation
CV coefficient of variation %
D effective dispersion coefficient m2 s-1
DS apparent dispersion coefficient m2 s-1
DI displacement index %
DSC deterministic soil column
E evaporation rate m s-1
EF modelling efficiency %
f fraction of Cd taken up by plants which leaves the
field with the harvest material
%
hi thickness of layer i m
I irrigation rate m s-1
k Freundlich coefficient kg-m m3m
k* intrinsic Freundlich coefficient kg-m m3m
kP crop-specific constant Pa
KS-test Kolmogorov-Smirnov test
LSC limit sorption capacity mg kg-1
m Freundlich exponent
OC organic carbon % by mass
P precipitation rate m s-1
pET potential evapotranspiration rate m s-1
Appendix
PTF Pedotransfer function
q volumetric water flux density m s-1
QHM Cd content ratio between unprocessed (e.g. straw)
and processed (e.g. grain) plant parts
QY dry matter yield ratio between unprocessed (e.g.
straw) and processed (e.g. grain) plant parts
R retardation factor
R(zAp) fraction of plant roots within the Ap horizon
R2 coefficient of determination
rH relative humidity %
RSC random soil column
S sorbed phase concentration kg kg-1
SD standard deviation
t time coordinate s
T temperature °C
TP transpiration rate m s-1
TTC tolerable total content mg kg-1
t-test Student’s t-test
v pore water velocity m s-1
WIA waste water irrigation area
Y dry matter production kg m-2 s-1
z space coordinate m
zAp thickness of Ap horizon m
Appendix
αi soil exchange rate between the Ap horizon and the
i-th compartment
kg m-2
φ sink term kg m-3 s-1
φi sink term of the i-th compartment kg m2 s-1
η crop-specific empirical parameter
λ local dispersion length m
ω empirical parameter describing the root distribution
with depth
m-1
θ volumetric water content % by
volume
ρ bulk density kg m-3
ρw density of water kg m-3
C average content of total dry matter kg kg-1
∆e average saturation deficit of the air during the main
vegetation period
Pa
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Table A2: Measured data of the first sampling campaign in 1996. For space reasons, the table presents only
data of Ap horizons. The complete data set including the subsoil data can be supplied on inquiry.
CAR:     Aqua regia Cd content.
CEDTA:  0.025 M (NH4)2-EDTA-extractable Cd content.
C:         Cd concentration in 0.0025 M CaCl2 after 24 h of equilibration.
OC:      Organic carbon.
Gauß-Krüger-
coordinates
Soil properties in Ap horizon
ID District X Y CAR CEDTA C OC
content
pH
value
 
 m   m  µg kg-1  µg kg-1  µg L-1 % by mass 
J04 1 3594335 5802683 354 286 1.20 0.91 6.19
J05 1 3594440 5803075 423 356 2.17 1.16 5.75
K03 1 3594695 5802400 263 209 0.67 0.47 6.27
K04 1 3594695 5802840 364 292 3.40 0.67 5.79
K05 1 3594835 5803260 423 382 1.03 1.24 6.31
K06 1 3594875 5803760 258 214 0.20 1.40 5.85
L03 1 3595270 5802433 502 362 4.30 1.15 5.65
L04 1 3595435 5802780 283 209 0.93 1.98 5.88
L05 1 3595180 5803335 350 300 1.36 1.27 6.15
L06 1 3595288 5803815 111 96 0.37 0.51 6.30
M02 1 3595660 5801860 411 271 0.20 0.99 6.99
M03 1 3595785 5802250 267 232 1.22 1.39 5.97
M04 1 3595851 5802650 174 175 3.72 0.87 4.96
M05 1 3595740 5803340 195 125 1.06 0.97 5.66
M06 1 3595710 5803765 197 170 2.13 0.63 5.83
N02 1 3596330 5801745 304 326 1.11 1.31 6.33
N03 1 3596205 5802240 415 323 1.25 1.46 6.46
N04 1 3596285 5802815 805 691 5.39 0.88 5.50
N05 1 3596185 5803250 541 416 7.19 0.93 5.18
N06 1 3596140 5803835 493 379 3.15 0.81 5.99
N07 1 3596215 5804275 119 121 1.50 0.64 5.36
O01 1 3596720 5801415 191 153 0.64 0.84 6.54
O02 1 3596735 5801750 290 282 1.24 0.67 5.68
O03 1 3596740 5802220 354 208 3.89 0.61 5.22
O04 1 3596620 5802775 229 165 0.51 0.65 6.38
O05 1 3596690 5803385 407 324 1.65 0.69 5.93
O06 1 3596580 5803775 687 668 2.20 1.28 5.66
P01 1 3597190 5801110 416 367 0.84 0.99 6.19
P02 1 3597110 5801755 133 146 3.45 0.50 4.99
P03 1 3597150 5802330 338 277 1.87 1.00 5.76
P04 1 3597205 5802650 557 394 1.57 0.88 6.59
Q01 1 3597720 5801090 243 212 1.13 0.68 6.09
Q02 1 3597630 5801670 494 314 0.67 0.68 6.77
G09 2 3592865 5805200 392 345 0.70 0.91 6.48
H09 2 3593430 5805325 158 137 0.46 0.37 6.07
H10 2 3593188 5805768 257 227 0.94 0.63 5.72
H11 2 3593252 5806339 152 114 0.25 0.83 5.79
H12 2 3593145 5806653 340 369 2.38 0.61 5.53
H13 2 3593145 5807168 185 108 0.78 0.61 5.57
H14 2 3593419 5807662 316 199 0.79 1.00 6.30
Appendix
Continuation of Table A2
I08 2 3593690 5804865 285 162 0.43 1.00 6.10
I09 2 3593824 5805279 267 157 2.71 0.44 5.16
I10 2 3593715 5805815 429 299 4.00 1.06 5.20
I11 2 3593750 5806310 325 191 0.41 0.79 6.24
I12 2 3593575 5807023 429 331 1.06 0.51 6.27
I12/1 2 3593651 5806810 465 377 1.33 0.71 6.20
I13 2 3593558 5807207 846 582 1.83 1.13 6.05
J07 2 3594100 5804275 447 374 0.79 0.80 6.21
J08 2 3594125 5804760 399 312 5.46 0.79 5.12
J09 2 3594075 5805295 < d.l. 102 0.52 0.62 6.38
J10 2 3594420 5805865 218 172 2.53 0.50 5.03
J10/1 2 3594420 5805866 197 175 1.60 0.74 5.27
J11 2 3594265 5806425 225 226 1.19 1.12 5.92
J12 2 3594340 5806789 561 416 2.94 0.94 5.90
J13 2 3594265 5807165 162 159 1.45 0.44 5.44
K07 2 3594735 5804295 304 242 1.71 0.85 5.60
K09 2 3594815 5805265 < d.l. 52 0.23 0.66 6.13
K10 2 3594677 5805739 166 147 1.44 0.51 5.29
K11 2 3594740 5806210 124 100 0.97 0.36 5.59
K12 2 3594740 5806725 263 240 1.03 1.12 5.68
K13 2 3594615 5807305 240 220 0.60 0.85 6.38
L07 2 3595135 5804400 388 247 1.41 0.70 5.76
L08 2 3595245 5804855 190 195 1.23 0.63 5.76
L09 2 3595205 5805390 365 344 1.79 0.80 6.14
L10 2 3595175 5805825 307 240 1.71 0.66 5.61
L11 2 3595245 5806341 314 267 0.78 1.19 6.24
L12 2 3595243 5806805 < d.l. 118 0.26 0.89 6.23
L13 2 3595087 5807330 320 285 1.34 0.76 5.63
M07 2 3595715 5804450 321 341 1.07 1.38 5.99
M08 2 3595670 5804790 352 310 1.80 0.51 5.78
M09 2 3595665 5805240 313 262 1.36 0.75 5.82
M12 2 3595590 5806880 < d.l. 104 0.33 0.36 5.90
N08 2 3596125 5804575 273 258 0.20 0.64 5.96
Z01 2 3595435 5805345 259 277 5.46 0.79 5.20
F14 3 3592310 5807700 m.v. 34 0.20 0.48 6.41
F15 3 3592285 5808285 119 76 1.37 0.90 4.92
F16 3 3592305 5808715 1167 150 1.00 1.63 5.78
F17 3 3592250 5809370 795 816 2.82 1.60 5.78
F18 3 3592315 5809785 531 464 1.65 1.74 5.87
F19 3 3592427 5810178 577 449 1.29 2.52 5.64
F20 3 3592085 5810671 516 710 1.81 1.08 5.54
G13 3 3592652 5807351 174 145 0.96 0.63 5.93
G14 3 3592730 5807775 598 432 3.91 1.38 5.56
G15 3 3592705 5808210 390 394 3.12 1.53 5.79
G16 3 3592758 5808817 499 336 1.54 1.71 5.82
G17 3 3592745 5809318 956 760 2.34 2.31 6.21
G18 3 3592658 5809675 784 716 3.27 1.62 5.50
G19 3 3592640 5810260 376 338 1.24 1.13 5.71
G20 3 3592695 5810720 295 246 0.95 1.18 6.15
H15 3 3593270 5808280 367 264 1.45 1.24 5.75
H16 3 3593263 5808730 515 466 2.59 2.51 5.73
H17 3 3593355 5809210 239 105 2.03 1.05 4.98
H18 3 3593415 5809695 643 336 2.91 1.24 5.66
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H19 3 3593350 5810120 383 235 1.60 0.71 5.66
H20 3 3593395 5810830 395 268 1.22 0.80 5.55
H21 3 3593180 5811235 498 257 5.76 0.95 4.97
I14 3 3593684 5807600 380 237 1.44 1.00 5.96
I15 3 3593600 5808140 262 144 0.75 0.83 5.78
I16 3 3593753 5808710 676 491 2.35 1.47 5.79
I17 3 3593695 5809378 573 362 2.11 0.93 5.76
I18 3 3593645 5809685 1485 1135 6.16 1.06 5.45
I19 3 3593790 5810195 m.v. 334 1.38 0.83 6.13
I20 3 3593665 5810710 157 114 0.96 0.73 5.45
I21 3 3593720 5811271 254 196 1.28 0.70 5.67
I22 3 3593744 5811608 173 153 0.79 0.67 5.74
J14 3 3594335 5807753 396 332 2.40 1.22 5.40
J15 3 3594225 5808250 324 286 3.91 0.96 5.07
J16 3 3594178 5808715 176 185 1.07 0.92 5.86
J17 3 3594290 5809390 404 159 4.33 1.04 4.86
J18 3 3594183 5809755 369 291 2.96 1.62 5.15
J19 3 3594260 5810175 240 184 0.52 0.96 6.10
K14 3 3594733 5807715 100 86 0.52 0.66 5.63
K15 3 3594638 5808320 162 144 1.25 0.66 5.77
K16 3 3594755 5808770 461 345 4.74 1.12 5.10
K17 3 3594845 5809135 264 162 0.30 1.02 6.33
K18 3 3594622 5809810 176 123 2.03 0.68 4.80
L14 3 3595163 5807708 334 336 0.58 0.92 5.61
L15 3 3595085 5808460 376 317 2.55 0.81 5.55
Z02 3 3593360 5808720 202 212 1.92 0.96 5.75
A26 4 3590000 5813610 150 131 0.19 0.26 6.16
B25 4 3590213 5813270 511 498 3.35 1.30 5.75
B26 4 3590313 5813620 919 872 4.42 0.64 5.64
C23 4 3590830 5812229 318 280 1.29 4.94 5.21
C24 4 3590565 5812815 181 150 0.20 2.46 5.39
C25 4 3590635 5813241 505 327 1.96 0.72 5.63
C26 4 3590883 5813665 254 186 1.22 1.37 5.71
C27 4 3590910 5814340 267 185 0.63 0.49 6.58
D20 4 3591320 5811040 350 255 0.68 1.20 5.95
D21 4 3591265 5811146 203 131 0.97 1.81 5.24
D22 4 3591136 5811754 351 231 0.67 3.31 5.39
D23 4 3591125 5812370 516 384 2.06 1.96 5.37
D24 4 3591199 5812820 373 327 0.20 1.59 6.28
D25 4 3591111 5813099 325 276 0.55 0.88 5.87
D26 4 3591351 5813645 262 212 0.32 1.91 6.07
D27 4 3591244 5814060 308 213 1.66 0.94 5.39
E20 4 3591765 5810973 396 306 0.64 2.31 6.24
E21 4 3591670 5811154 296 219 0.57 1.68 6.24
E22 4 3591735 5811690 544 522 1.81 3.37 5.18
E23 4 3591528 5812450 203 154 0.58 2.59 5.97
E24 4 3591775 5812735 473 359 2.06 0.91 5.63
E25 4 3591799 5813266 135 101 0.20 0.37 5.63
E26 4 3591630 5813755 470 324 1.76 0.57 5.90
F21 4 3592108 5811160 434 444 1.52 3.20 5.52
F22 4 3592190 5811800 417 366 3.00 1.07 5.32
F23 4 3592120 5812290 249 239 0.70 1.28 5.94
F24 4 3592398 5812989 490 366 1.43 0.68 5.65
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F25 4 3592046 5813330 281 241 1.26 0.39 5.72
G21 4 3592707 5811426 283 148 1.51 0.81 5.76
G22 4 3592830 5811738 519 391 1.05 0.86 5.62
G23 4 3592850 5812164 434 308 1.21 1.07 5.56
G24 4 3592598 5812633 375 323 1.72 0.85 5.53
H22 4 3593336 5811797 400 259 1.49 0.74 5.81
H23 4 3593149 5812159 226 133 0.64 0.58 5.66
D17 outside 3591193 5809318 418 301 4.28 0.81 5.23
D18 outside 3591415 5809582 129 94 0.30 0.82 6.17
D19 outside 3591303 5810155 101 57 0.60 0.68 5.52
E15 outside 3591695 5808470 244 196 0.26 0.82 6.36
E16 outside 3591620 5808665 138 114 0.60 0.74 5.72
E17 outside 3591675 5809335 220 143 0.37 1.12 5.84
E18 outside 3591770 5809711 109 383 0.32 1.38 5.96
E19 outside 3591663 5810120 127 53 < d.l. 1.33 5.73
< d.l.: value below detection limit.
m.v.: missing value.
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Table A3: Measured data of the winter wheat sites investigated in 1998 (control plots of the BMWA) and 1999
(W01-W20). The average saturation deficit of the air during the main vegetation period was 591 Pa in 1998 and
785 Pa in 1999.
Gauß-Krüger-
coordinates
Cd content in
plant parts
Dry matter Cd concentration in soil solution
ID X Y Grain Straw Grain Straw 0-0.3 m 0.3-0.4 m 0.4-0.5 m 0.5-0.6 m

 m   m  mg kg-1 mg kg-1 g m-2 g m-2 µg L-1 µg L-1 µg L-1 µg L-1
I2 0.128† 2.96 0.64 0.14 < d.l.
I3 0.117† 1.59 0.16 < d.l. < d.l.
II3 0.137† 1.84 0.22 < d.l. < d.l.
II5 0.254† 0.80 0.30 < d.l. 0.26
III1a 0.623† 8.24 2.54 1.18 2.34
III1b 0.831† 7.62 0.50 0.25 0.21
III2a 0.375† 3.96 0.44 0.34 0.33
III2b 0.333† 4.45 0.38 0.46 0.93
III4 0.179† 1.29 < d.l. < d.l. < d.l.
III5 0.052† 1.18 0.19 < d.l. < d.l.
IV1 0.083† 0.58 < d.l. < d.l. < d.l.
IV4 0.166† 0.82 0.32 0.18 < d.l.
IV5 0.094† 1.13 2.20 0.14 < d.l.
W01 3596194 5803115 2.735 10.063 854 937 72.23 32.66 27.03 23.03
W02 3593559 5809295 0.159 0.272 672 568 0.51 0.43 1.03 0.41
W03 3593773 5809336 0.248 0.490 803 809 2.73 1.27 0.35 0.23
W04 3593600 5809630 0.273 0.551 653 731 1.35 12.74 3.23 1.36
W05 3593270 5810157 0.229 0.422 904 749 1.95 0.27 < d.l. < d.l.
W06 3594823 5809113 0.063 0.123 937 797 0.38 < d.l. < d.l. < d.l.
W07 3594948 5808135 0.088 0.285 816 740 1.37 0.28 < d.l. < d.l.
W08 3596213 5804319 0.154 0.223 1027 1175 1.39 0.31 0.33 < d.l.
W09 3596990 5801810 0.166 0.666 817 657 3.05 4.07 2.86 2.06
W10 3595260 5802450 0.231 0.529 700 852 3.64 1.65 0.61 0.28
W11 3594644 5803993 0.092 0.129 1013 879 1.48 1.04 1.03 < d.l.
W12 3593320 5806245 0.478 1.171 813 666 5.28 1.66 < d.l. < d.l.
W13 3593273 5807063 0.191 0.435 732 583 1.85 < d.l. < d.l. < d.l.
W14 3595374 5805408 0.131 0.339 925 1149 1.93 < d.l. < d.l. < d.l.
W15 m.v. m.v. 0.223 0.524 853 966 1.47 0.88 < d.l. < d.l.
W16 3591944 5810380 0.120 0.207 934 1022 1.24 0.13 < d.l. 0.15
W17 3592630 5812630 0.094 0.211 716 657 1.35 0.21 0.10 0.11
W18 3591905 5813575 0.153 0.199 844 852 0.78 0.82 1.24 < d.l.
W19 3591840 5812590 0.177 0.246 764 731 0.88 1.79 0.66 0.15
W20 3592035 5811165 0.115 0.131 576 598 1.11 0.34 0.40 0.14
< d.l.: value below detection limit.
m.v.: missing value.
†: Data of the Braunschweig Municipal Waste Water Association (BMWA). The identification numbers of the
control plots are internally used by the BMWA.
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Table A4: Measured data of the sugar beet sites investigated in 1998 (Z1-Z20) and 1999 (Z21-Z40). The aver-
age saturation deficit of the air during the main vegetation period was 614 Pa in 1998 and 898 Pa in 1999.
Gauß-Krüger-
coordinates
Cd content in
plant parts
Dry matter per
plant
Cd concentration in soil solution
ID X Y Leaves Hypo-
cotyl
Leaves Hypo-
cotyl
0-0.3 m 0.3-0.4 m 0.4-0.5 m 0.5-0.6 m

 m   m  mg kg-1 mg kg-1  g   g  µg L-1 µg L-1 µg L-1 µg L-1
Z01 3596475 5801915 0.449 0.141 166 364 3.92 3.50 1.32 0.64
Z02 3596020 5803080 3.736 0.665 115 266 17.91 16.79 14.05 2.77
Z03 3595990 5803695 0.607 0.225 108 404 4.86 5.83 6.24 3.40
Z04 3595090 5803850 0.814 0.266 93 225 3.65 5.17 5.78 5.07
Z05 3594930 5803135 0.326 0.107 110 277 3.02 1.88 1.69 1.72
Z06 3593665 5804870 0.386 0.069 125 377 2.66 1.17 0.64 0.26
Z07 3593600 5805650 0.919 0.221 80 448 5.13 < d.l. < d.l. < d.l.
Z08 3593340 5807025 1.816 0.408 84 261 5.41 2.77 1.89 2.54
Z09 3594710 5806750 1.107 0.230 78 350 3.51 0.82 0.32 0.43
Z10 3594605 5805810 0.847 0.224 104 329 2.26 2.68 2.60 3.12
Z11 3594740 5807470 0.535 0.152 28 117 2.31 1.27 1.30 1.94
Z12 3594590 5807910 0.537 0.185 53 145 2.70 1.02 1.05 1.31
Z13 3593750 5809310 0.660 0.331 61 244 4.10 3.80 2.47 2.33
Z14 3593195 5810260 0.718 0.153 84 255 2.44 1.33 0.35 0.49
Z15 3592630 5807930 1.061 0.416 70 200 3.36 1.29 1.69 1.17
Z16 3592620 5811615 0.446 0.246 47 133 3.30 1.38 0.53 0.43
Z17 3591850 5812800 0.377 0.121 61 190 1.85 1.03 0.56 0.59
Z18 3591875 5913625 0.592 0.219 41 101 1.72 0.48 0.22 < d.l.
Z19 3590325 5814310 0.523 0.069 82 228 1.10 1.17 0.48 0.26
Z20 3591530 5811695 1.910 0.395 159 521 5.26 2.84 1.65 1.11
Z21 3596167 5801555 0.900 0.282 162 290 2.51 0.34 < d.l. < d.l.
Z22 3596969 5802395 0.681 0.171 126 245 1.17 0.18 < d.l. < d.l.
Z23 3595896 5803108 0.882 0.216 82 270 1.02 0.30 < d.l. < d.l.
Z24 3593420 5809510 2.265 0.522 93 185 4.55 < d.l. < d.l. < d.l.
Z25 3593515 5809626 0.738 0.166 104 191 3.27 0.94 1.05 0.79
Z26 3594908 5803711 0.731 0.160 118 442 2.05 2.24 0.20 < d.l.
Z27 3594436 5802350 0.628 0.165 144 560 1.59 1.77 0.75 < d.l.
Z28 3593795 5804955 0.623 0.288 84 171 1.55 0.56 0.26 0.11
Z29 3593475 5806316 0.422 0.098 76 243 0.53 0.42 0.52 0.69
Z30 3594545 5805503 0.475 0.154 102 331 0.89 1.27 0.96 0.41
Z31 3596009 5804990 1.373 0.250 108 382 3.23 0.81 0.40 0.16
Z32 3595245 5806465 1.040 0.215 473 432 4.48 0.72 0.25 < d.l.
Z33 3592775 5809376 2.173 0.473 73 301 4.20 0.41 0.15 < d.l.
Z34 3593600 5809470 1.408 0.107 100 308 1.21 0.37 0.40 0.34
Z35 3593345 5810135 0.476 0.115 113 179 0.99 1.26 0.86 < d.l.
Z36 3592383 5812912 0.507 0.349 85 297 1.68 0.79 0.38 0.30
Z37 3591285 5813750 1.300 0.362 85 198 2.13 0.51 0.61 0.82
Z38 3590241 5813285 0.846 0.117 48 115 2.53 0.30 < d.l. < d.l.
Z39 3592082 5811843 1.144 0.266 96 385 2.08 0.29 < d.l. < d.l.
Z40 3591560 5811000 1.252 0.189 59 247 2.13 0.43 0.21 < d.l.
< d.l.: value below detection limit.
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Table A5: Measured data of the potato sites investigated in 1998 (K01-K20) and 1999 (K21-K40). The average
saturation deficit of the air during the main vegetation period was 692 Pa in 1998 and 917 Pa in 1999.
Gauß-Krüger-
coordinates
Cd content in
plant parts
Dry matter per
plant
Cd concentration in soil solution
ID X Y Straw Tuber† Straw Tuber† 0-0.3 m 0.3-0.4 m 0.4-0.5 m 0.5-0.6 m

 m   m  mg kg-1 mg kg-1  g   g  µg L-1 µg L-1 µg L-1 µg L-1
K01 3595495 5805160 2.675 0.104 72 558 3.10 0.10 < d.l. < d.l.
K02 3595680 5805230 4.849 0.180 17 98 3.85 0.19 < d.l. < d.l.
K03 m.v. m.v. 4.317 0.243 30 218 3.29 1.62 0.34 0.20
K04 m.v. m.v. 3.801 0.162 37 350 3.49 1.23 1.01 0.89
K05 m.v. m.v. 5.122 0.184 45 525 6.33 0.10 < d.l. < d.l.
K06 m.v. m.v. 4.046 0.206 73 706 5.78 0.93 0.28 0.05
K07 3594970 5806790 2.118 0.125 23 356 2.63 2.80 1.86 1.88
K08 m.v. m.v. 1.835 0.070 44 520 1.55 0.87 0.37 0.17
K09 m.v. m.v. 2.386 0.145 35 596 2.80 1.04 0.43 0.34
K10 m.v. m.v. 2.330 0.105 20 346 1.32 0.24 < d.l. < d.l.
K11 m.v. m.v. 4.956 0.236 22 243 7.05 0.30 0.20 0.14
K12 m.v. m.v. 2.840 0.156 26 279 3.43 0.36 0.31 < d.l.
K13 m.v. m.v. 2.732 0.132 61 411 3.29 0.18 < d.l. < d.l.
K14 m.v. m.v. 1.956 0.098 59 430 1.69 0.33 0.16 0.20
K15 m.v. m.v. 1.613 0.128 33 344 1.22 0.37 0.28 0.09
K16 3592950 5812090 2.398 0.093 33 303 2.20 0.32 < d.l. < d.l.
K17 m.v. m.v. 1.409 0.067 32 339 2.04 0.25 0.07 < d.l.
K18 m.v. m.v. 1.814 0.074 36 473 1.71 0.15 0.05 < d.l.
K19 m.v. m.v. 2.837 0.151 14 259 2.51 0.12 0.05 < d.l.
K20 m.v. m.v. 2.742 0.179 21 360 3.28 0.65 0.64 0.56
K21 3596175 5801765 6.096 0.194 26 343 1.93 0.25 < d.l. < d.l.
K22 3596490 5802124 2.587 0.187 71 476 2.14 0.64 0.27 0.48
K23 3595677 5803395 1.361 0.226 35 302 0.81 0.57 0.86 1.18
K24 3595774 5803855 3.845 0.572 44 220 1.90 0.32 < d.l. < d.l.
K25 3595509 5805450 7.239 0.663 64 478 7.32 0.81 < d.l. < d.l.
K26 3594615 5807178 2.624 0.354 72 278 2.22 1.34 1.30 1.73
K27 3594275 5807998 2.393 0.440 37 332 2.20 1.12 0.50 < d.l.
K28 3594180 5809434 3.851 0.309 39 366 2.12 0.40 < d.l. 0.26
K29 3593616 5809603 2.569 0.467 71 505 2.97 < d.l. < d.l. < d.l.
K30 3593780 5811460 1.649 0.176 41 363 1.10 < d.l. < d.l. < d.l.
K31 3591505 5813896 0.671 0.087 52 305 0.43 0.39 < d.l. < d.l.
K32 3590510 5813554 1.351 0.233 67 390 1.28 < d.l. < d.l. < d.l.
K33 3591839 5812493 1.917 0.102 44 382 1.20 < d.l. < d.l. < d.l.
K34 3592568 5807689 5.133 0.329 25 181 1.79 1.25 0.77 0.61
K35 3592798 5807025 1.566 0.268 77 751 1.10 2.97 5.38 5.95
K36 3592675 5807625 1.546 0.207 39 289 1.21 1.52 1.90 0.68
K37 3593230 5806610 3.643 0.346 90 480 1.96 < d.l. < d.l. < d.l.
K38 3589988 5813415 1.164 0.155 30 279 0.49 < d.l. < d.l. < d.l.
K39 3590915 5813478 2.407 0.241 59 499 1.19 0.48 0.29 0.33
K40 3595160 5807129 1.948 0.270 29 202 1.60 < d.l. < d.l. < d.l.
< d.l.: value below detection limit.
m.v.: missing value.
†: including the peel.
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